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MONDAY, 27TH MAY 2013 
 

8:00am 
 
Registration 
 
9:00am 
 
Welcome Address, 
 

- Dr. Ernst-Christian Koch 
IPS President 

 
- Mr. Antonio Cejalvo 

Director General for Energy 
 

- Mr. Luís Santamaría 
Sub delegate of the Spanish Government in Valencia 

 
 
 
SESSION 1 “SYNTHESIS” 
 
 
 

Chairman: Mr. Steven Son 
       Purdue University 

 
Co-Chairman: Mr. Stanislaw Cudzilo 

Military University of Technology 
 

9:30-10:00am 
 

- “ Energetic High-Oxygen Carriers” 
 

Key Note:  Dr. KARL CHRISTE  
                                  University of Southern California 

 
 

 
10:00-10:30am 

 
Coffee-break 
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PRESENTATIONS 
 

    
10:30-11:00am 

 
   CHRISTE, KARL – “Energetic High-Oxygen Carriers” 

 
11:00-11:30am 

 
  COMET, MARC – “Unconventional fuels for nanothermites” 

 
11:30-12:00am 

 
 CUDZILO, STANISLAW – “Combustion synthesis of titanium carbonitride 
powders” 

        
12:00-12:30pm 
  

RAHM, MARTIN – “The Quest for the Missing Energetic Building Block Nitryl 
Cyanide, NCNO2” 

 
12:30-1:00pm 

 
TANG, YONGXIN – “A Stable Catenated N11 Energetic Salt” 

 
1:00-2:00pm 

 
Working Lunch 

 
2:00-2:25pm 

 
MIRO SABATE, CARLOS – “Metal tetrazoles: from power to control” 

 
2:25-2:50pm 

 
MIRO SABATE, CARLOS – “Dimethyltriazanium salts: synthesis, characterization 
and determination of heats of formation” 

 

                  
 
 
 
 
 
 
 
 



 

 4 

 
SESSION 2 “MANUFACTURE” 
 
 

Chairman: Mrs. Mar González Sanz 
     MAXAM, S.A. – EXPAL SYSTEMS S.A. 

 
Co-chairman: Jan A. Puszynski 

                                                     South Dakota School of Mines and Technology 
 

3:00-3:30pm            
 

- “Challenges and perspectives in Energetic Materials and Pyrotechnics” 
 

     Key note: Mr. HERVÉ GRAINDORGE 
  SME groupe SAFRAN 

 
 

 
PRESENTATIONS 
 
 

3:30-3:45pm 

 
BELYAKOV, A – “Research of combustion of metal-containing condensed 
heterogeneous systems with the use of matal sulphates and carbonates” 

 
3:45-4:00pm 

 
DOLGOBORODOV, ALEXANDER –“Properties of Mechanoactivated Mixtures of 
Aluminium with Potassium Perchlorate” 

 
4:00-4:15pm 

 
KHAIRULLINA, ANNA ALEKSANDROVNA (CO-AUTHOR) – “Development of 
pyrotechnic structures based on calcium sulfate for processing of oil wells” 

 
4:15-4:30pm 

 
PUSZYNSKI, JAN A. – “fabrication of pyrophoric films using combination of tape 
casting and hydrogen reduction processes” 

 
4:30-4:45pm 

 
VAN BENEDEN, TOM – “NATO support to the demilitarization of pyrotechnics” 
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4:45-5:00pm 

Coffee-break 

 

ROUND TABLE 

 

5:45-6:00pm 

Round Table 1 – “International and European R&T cooperation on propellants, 
explosives and pyrotechnics”. 
 
 
Chairman: Mr. Adam Cumming 

     DSTL 
 
Expert members:  
 

Wim de Klerk 
TNO - Defense, Safety and Security 
 
Prof. Michel Lefebvre 
The Royal Military Academy of Belgium (RMA) 
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TUESDAY, 28TH MAY 2013 
 
SESSION 3 “SAFETY, ENVIRONMENTAL AND REGULATORY ASPECTS” 
 
 

Chairman: Mr. Stewart Myatt 
      The Health and Safety Laboratory (HSL) 
 

Co-Chairman: Mr. Michel Lefebvre 
           Royal Military Academy 

 
 
9:00-9:30am 
 

- “Present and Future Challenges in Pyrotechny” 
 

 
Key note: Mr. LIONEL AUFAUVRE 

                             Institut National de L'Environnement Industriel et des Risques (INERIS) 
 

 
 

PRESENTATIONS 
 
 

9:30-9:45am 
 

GRIFFITHS, TREVOR – “Testing of Pyrotechnic Incendiary Compositions” 
 

9:45-10:00am 
 

LOPEZ, GREGORIO – “Explosives Demmant of War Clearance” 
 

10:00-10:15am 
 

POULSON, GRAHAME – “Toxicity assessment of signalling smokes” 
 
10:15-10:45am 

 
Coffee-break 
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11:45-11:15am 

 
VAN HULST, MONIQUE - The effects of smoke hand grenades on human lung 
cells and bacteria for toxicity screening 

 
11:15-11:45am 

 
 ZOU, QUAN – “Quantification of the nitrocellulose in solid propellant 
intermediate using NIR spectroscopy implemented with fiber-optic probe” 

 
 
 

11:45-12:30pm 
 

POSTER SESSION – Appendix 1 
 

12:30-1:00pm 
 

Young Scientist Award – Mr. MARTIN RAHM 
 

1:00-2:00pm 
 

Working Lunch 
 
 
 
 

SESSION 4 “EMERGING TECHNOLOGIES” 
 
 

Chairman: Mr. Adam Cumming 
      DSTL 

 
Co-Chairman: Mr.Volker Weiser 

            Fraunhofer Institut für Chemische Technologie ICT 
 
 
2:00-2:30pm 
 

- “High Speed OH PLIF Applied to Solid Propellants” 
 

Key note: Dr. STEVEN SON 
    Purdue University (USA) 
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PRESENTATIONS 
 
 

2:30-2:45pm 
 

BACH, ARNAUD- “Desensitization of an Al/WO3 Nanothermite by Carbon 
Additives” 

 
2:45-3:00pm 

 
DILHAN, DENIS- “Overview of Pyrotechnic activities in CNES Toulouse Space 
Centre” 

 
3:00-3:15pm 

 
GROVEN, LORI J. – “Effect of Mechanically Activated Aluminum-
Polytetrafluoroethylene Composite Particles on Solid Propellant Combustion” 

 
3:15-3:30pm 

 
KOCH, ERNST-CHRISTIAN – “Spectroscopic Investigation of Europium and 
Samarium Combustion Flames” 

 
3:30-3:45pm 

 
MOHAMMADMAHDI, BAHRAMI – “Effect of stoichiometry, size and aging of 
Al/CuO nanolaminates on initiation, combustion and thermal properties” 

 
3:45-4:00pm 

 
RISSE, BENEDIKT (CO-AUTHOR) - “Development of Ultra fine Energetic 
Composites” 

 
4:00-4:15pm 

 
SON, STEVEN F. –“Characterization of Fuel-Rich Mechanically Activated 
Silicon/Polytetrafluoroethylene” 

 
4:15-4:30pm 

 
Coffee-break 

 
4:30-4:45pm 

 
VYBORNOV, SERGEY- “Thermal sources of energy of pyrotechnic type” 
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4:45-5:00pm 

 
ZACHARIAH, MICHAEL – “On the Fate of Nanostructures Prior to and During 
Combustion” 

 
 
 

ROUND TABLE 
 
5:00-6:00pm 
 

Round Table 2 – “Reach regulations and its implications for propellants, explosives and 
pyrotechnic field” 
 
Chairman: Mrs. Beatriz Collado 

      AIDICO 
 
Expert members: 
 

Mr. Pierre Thébault 
ETIENNE-LACROIX 
 
Mr. Noah Lieb 
Hughes Associates 
 
Mr. Tom Smith 
Cardu 
 
Dr. Ernst-Christian Koch 
NATO-MSIAC 
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WEDNESDAY, 29TH MAY 2013 
 
SESSION 5 “MODELLING AND TESTING” 
 
 

Chairman: Mr. Per Alenfelt 
      NAMMO LIAB AB 

 
Co-Chairman: Mr. Dietrich Eckhardt 

           BAM 
 
9:00-9:30am 
 

- “Recent Approaches for Modelling Pyrotechnic Reactions”. 
 

Key note: Dr. STEFAN KELZENBERG 
    Fraunhofer Institut für Chemische Technologie (ICT)  

 
 

 
PRESENTATIONS 
 
 

9:30-9:50am 
 

DATE, SHINGO – “Temperature Histories of Some Guanidinium 1,5’-bis-1H-
Tetrazolate/Ammonium Nitrate/Additive Mixtures” 

 
9:50-10:10am 

 
FAYET, GUILLAUME – “QSPR models for the prediction of explosive properties 
of nitro compounds” 

 
10:10-10:30am 

 
HARTMANN, MARCO – “Simple Test for Detecting Influence of Sample Aging 
on its Thermal behavior. Peculliarities of different kinetic models” 

 
10:30-10:50am 

 
KÜNZEL, MARTIN – “Terminal wall velocities of emulsion explosive charges” 

 
10:50-11:20am 

 
Coffee-break 
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11:20-11:45am 

 
N. NIKITINA, NATALIA – “Miscibility Predictions of Cellulose 
Nitrates/Plasticizers Blends with the Use of Theoretical Approaches” 

 
11:45-12:10pm 
 

OTON MARTINEZ, RAMON ANTONIO – “Numerical characterisation of the 
combustion of pyrotechnical mixtures and propellants” 

 
12:10-12:35pm 

 
PICART, DIDIER – “Initiation of HMX-based PBX when submitted to a weak 
impact: the Susan test” 

 
12:35-1:00pm 

 
RINK, KARL K. – “Modeling the Energy Release and Burn Rate Characteristics of 
ZPP-Based Pyrotechnic Initiators” 

 
1:00-2:00pm 

 
Working Lunch 

 
2:00-2:25pm 

 
TAO, HONG – “Numerical study on the transition from slow burning to 
detonation in granular explosives” 

 
2:25-2:50pm 

 
WEISER, VOLKER – “Experimental and Theoretical Investigations to a 
Multiplicity of  
Thermites as Main Ingredient for Air Breathing Incendiaries” 

 
 

3:00-3:30pm 
 

Group Photo 
 

3:30-4:30pm 
 

IPS Business Meeting & 40th IPS. 
 

5:30-7:30pm 
 

Visit to the Historic Centre of Valencia 
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THURSDAY, 30TH MAY 2013 
 
SESSION 6 “INITIATION” 
 
 
 

Chairman: Mr. Denis Dilhan 
      CNES - French Space Agency 

 
Co-Chairman: Rutger Webb  

            TNO - Defense, Safety and Security 
 
 
9:00-9:30am 
 

- “Initiation and Initiation Systems”  
 

 
Key note: Mr. ROD DRAKE 

    DB Consulting Group Inc. 
 
 

 
PRESENTATIONS 
 
 

9:30-9:45am 
 

BAO, ASUNA- “Study of SCB Ignitor under Constant-current Incentive ” 
 

9:45-10:00am 
DAMM, DAVID – “Effects of Microstructure on the Initiation of Heterogeneous 
Explosives” 

 
10:00-10:15am 

 
GUO, RUI – “Electro-explosion performance of KNO3@CNTs initiator” 

 
10:15-10:30am 

 
R.WIXOM, RYAN – “Small-scale shock experiments to characterize 
performance of detonator materials” 
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10:30-11:15am 
 

Coffee-break 
 

 
11:15-11:30am 

 
SERGEEV, OLEG – “Molecular dynamics study of the reaction front propagation 
in PETN” 

 
11:30-11:45am 

 
SULLIVAN, KYLE – “Manufacturing and Reaction Mechanisms of 
Nanocomposite Energetics” 

 
11:45-12:00pm 

 
TAPPAN, ALEXANDER S. – “DBX-1 (copper(I)-5-nitrotetrazolate) reactions at 
sub-millimeter diameters” 

 
12:00-12:15pm 

 
TATON, GUILLAUME – “Safe and Smart Initiator Integrating Multilayer Nano-
thermite PyroMEMS” 

 
12:15-12:30pm 

 
WENJIAN, CAI- “Research for the ignite of different size of Detonators” 

 
12:30-12:45pm 

 
ZHANG, WEI – “Decomposition of RDX by 1064nm laser irradiation: a mass 
spectrometric investigation” 

 
 
 

1:00-2:00pm 
 

Working Lunch 
 
 
 
 

 
 
 
 
 



 

 14 

 
 

SESSION 7 “MILITARY PYROTECHNICS” 
 

 
Chairman: Mr. Wim de Klerk 

      TNO - Defense, Safety and Security 
 

Co-Chairman: Mr. Pierre Thébault 
           ETIENNE-LACROIX 

 
2:00-2:30pm 

 
 

- “Recent Advances in Military Pyrotechnics”. 
 
 

Key note: Dr. ERNST-CHRISTIAN KOCH 
    NATO-MSIAC (B) 

 
 

PRESENTATIONS 
 
 

2:30-2:45pm 
 

CHOWDHURY, SAHA – “Investigation of Mn/MnO2/KClO4 System as Slow 
Burning Pyrotechnic Time Delay Formulation” 

 
2:45-3:00pm 

 
DEBNATH, SOUJOY - “Investigation of Pyrotechnic Formulations for 
Multispectral Infrared Flare” 

 
3:00-3:15pm 

 
CHENG, YI- “Ignition ability of DB based energetic composite” 

 
 

3:15-3:30pm 
 

GRIFFITHS, TREVOR – “Studies to Replace an Initiator Delay Composition” 
 

3:30-3:45pm 
 

HAHMA, DR ARNO- “Advanced black body infrared decoy flares” 
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3:45-4:00pm 

 
KHIMECHE, KAMEL – “Experimental determination and prediction of solid-
liquid phase equilibria for binary mixture of energetic materials stabilizers” 

 
4:00-4:15pm 

 
KNAPP, SEBASTIAN – “Emission spectroscopy on thermite mixtures” 

 
4:15-4:30pm 

 
LILJEDAHL, MATTIAS – “Emission spectroscopy on Al/CuO thermite mixture” 

 
4:30-5:00pm 

 
Coffee-break 

 
5:00-5:15pm 

 
RU, CHENGBO – “Compound based on nano-thermite for solid propellant 
microthruster” 

 
5:15-5:30pm 

 
SCHEUTZOW, DR. SUSANNE – “High-Nitrogen Materials for Pyrotechnic Near-
Infrared Illuminants” 

 
5:30-5:45pm 

 
WILLIAMS, MATTHEW – “Studies on Pyrotechnic Ignition” 

 
5:45-6:00pm 

 
YAYLA, SANIYE – “The Effect of Graphite, Boron Powder and Carbon Nano Tube 
Content on Spectral Radiant Intensity and Spectral Efficiency” 

 
 
 
 

8:00pm  
 

Gala Dinner 
 

11:00pm  
 
Fireworks Demonstration 
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FRIDAY, 31ST MAY 2013 
 
SESSION 8 “STAGE PYRO AND FIREWORKS” 
 
 

Chairman: Mrs. Beatriz Collado 
      AIDICO 

 
9:30-10:00am 
 

- “The Pyrotechnic sector – are we at a legislative crisis?” 
 
 

Key note: Dr. TOM SMITH 
    CARNDU LIMITED 

 
 
 

PRESENTATIONS 
 
 

10:00-10:15am 
 

CASIN LOYA, JUAN -“Analysis and reduction of the risk of explosion for fire in 
the pyrotechnic magazines” 

 
10:15-10:30am 

 
COLLADO, BEATRIZ – “Study of a prediction model of fireworks service life from 
its kinetic parameters” 

 
10:30-10:45am 

 
PARIS CORMA, JOSE MARIA – “Safer photoflash compositions base don blue 
aluminium” 

 
10:45-11:00am 

 
RUSAN, MAGDALENA- “Energetic Materials Based on Azole Borates” 

 
11:00-11:15am 

 
SAEZ, VICENTE – “Water resistance in comets” 
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11:15-11:45am 

 
Coffee- break 

 
 

 
 

ROUND TABLES 
 
 
11:45-1:30pm 
 

Round Table 1 – “Design and firing Systems” 
 

Chairman: Mr. MIGUEL PÉREZ NIVELA 
     Pirotécnia Zaragozana 

 
 

Round Table 2 – “Safe use and handling of stage Pyrotechnics” 
 

Chairman: Mr. LINCOLN PARKHOUSE  
     JUXT FX 

 
 

Round Table 3 – “Safety plans for firework displays, location considerations” 
 

Chairman: Mr. TOM SMITH 
     CARNDU LIMITED 

 
 
 

1:30pm 
 

Official Closure 
 
2:00pm 
 

Working Lunch 
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APPENDIX 1 

 
 

SESSION 1-POSTER “SYNTHESIS” 

 
1. BOREK, THEODORE T. – “2,4-Dimethylamino-6-nitrato-1,3,5-trimethylborazine Crystal 

Structure” 
 

2. KUZNETSOVA NINA VLADIMIROVNA (CO-AUTOR) – “Urethane copolymers structure of 
3,3-bis (azidomethyl) oxetane and 3-azidomethyl-3-methyloxetane” 

 

3. LI, YANG – “The Novelty High–Nitrogen Energetic Compounds Based on the 4-amino-
1,2,4-triazole (ATZ) and 1,1'-azobis(1,3,4-triazole) (1,1'-ATZ)” 

 

4. PENG MA (CO-AUTOR) – “Novel Insensitive Energetic Cocrystals of 1-
Nitronaphthalene” 

 

5. WU, BO – “Synthesis and Characterization of a Stable Unsymmetrical Azo Compound 
with N8 Structure” 

 

 
 
 

SESSION 2-POSTER “MANUFACTURE” 

 
 

1. BELYAKOV, A – “Development of pyrotechnic structures based on calcium sulfate for 
processing of oil wells” 

 
2. MOKEEV, ALEXANDER – “Pulse Generator of Pressures for Treating Oil Wells” 

 
3. NUREEVA DANIYA NIYAZOVNA (CO-AUTHOR) – “Usage of conversion energetic 

materials in hydraulic borehole of salt rocks” 
 

SHISHKOV, PETER – “investigation for obtaining of pyrotehnical products 
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POSTER SESSION 3 - “SAFETY, ENVIRONMENTAL AND REGULATORY ASPECTS” 

 
1. PETROV IVANOVICH, VLADIMIR – “An analysis of a new technology, machinery and 

catalysts application’s results dedicated to solving of ecological problems of energy-
saturated materials’ manufacturing ” 

 
2. ZHANG, TONGLAI – “Graphene Nanoplatelets Modified Lead Azide and its’ Depressed 

Electrostatic Hazards” 
 
 
 

POSTER SESSION 4 - “EMERGING TECHNOLOGIES” 
 
 

VASYUTINA, EKATERINA –“Complex of potassium-5,7-dihydroxy-4,6-
dinitrobenzofuroxane - surround a flame retarder cellulose nitrate” 
 
 
 

POSTER SESSION 5 - “MODELLING AND TESTING” 

 
1. CURTIS, JOHN – “Explosive Ignition due to Adiabatic Shear” 
 

2. JU, XUE-HAI – “Molecular dynamic simulation of trans-1,4,5,8-tetranitro-1,4,5,8-
tetraazadacalin (TNAD) with some propellants” 

 

3. MA, PENG – “Structural and Electronic properties of PETN under pressure: a density 
functional theory study” 

 
4. TONGLAI, ZHANG – “Thermal Decomposition Studies Using DPTA Method on High 

Energy Nitramine Explosives” 
 

5. TUNNELL, RUTH – “Ammonium Perchlorate, Friend or Foe?” 
 

6. VOHRA, MANAV – “A simplified computational model of the oxidation of 
         Zr/Al multilayers” 

 

7. YAN, SHI – “Oxidation Kinetics of Amorphous Boron” 
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POSTER SESSION 6 - “INITIATION” 

 
CHEN, SHAOJIE – “The velocities of laser-driven flyers under different acceleration 
chambers and laser energies”. 

 
 
 

POSTER SESSION 7 - “MILITARY PYROTECHNICS” 

 
BENOIT, JOLICOEUR -“Development of Small Calibre Infrared Tracers”. 

 
 
 

POSTER SESSION 8 - “FIREWORKS” 

 
 

MIRO SABATE, CARLOS – “Pyrotechnic ingredients based on a triazole moiety”  
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PROGRAM:PROGRAM:PROGRAM:PROGRAM:    

                                                                             

DAY 1 – MONDAY 
27

th
 May 2013 

DAY 2 – TUESDAY 
28

th
 May 2013 

DAY 3 – WEDNESDAY 
29

th
 May 2013 

DAY 4 –THURSDAY 
30

th
 May 2013 

DAY 5 –FRIDAY 
31

st
 May 2013 

08.00   Registration. 
 

09.00 Welcome Address,  

Dr. Ernst-Christian Koch. 

IPS President 
 

Mr. Antonio Cejalvo 

Director General for Energy  
 

Mr. Luis Santamaría. 

Sub delegate of the Spanish Government 

in Valencia 

 

Session 1 – SYNTHESIS.  
 

09:30 – 10:00am - Key note by KARL 
CHRISTE  

 

10:00 – 10:30am - Coffee-break. 

 

10:30 – 1:00pm - Presentations Session 1. 

 

Session 3 – SAFETY, ENVIRONMENTAL 

AND REGULATORY ASPECTS. 

 

09:00 – 09:30am - Key note by LIONEL 
AUFAUVRE 
 

9:30 – 10:15am - Presentations Session 3. 

 

10:15 – 10:45am - Coffee-break. 

 

10:45 – 11:45am - Presentations Session 3 

 

11:45 – 12:30pm - POSTER SESSION. 

 

12:30 – 1:00pm - Young Scientist Award 
 

 

 

Session 5 – MODELLING AND TESTING. 
 

9:00 – 9:30am  Key note by STEFAN 
KELZENBERG 

 

9:30 – 10:30am - Presentations Session 5 

 

10:30 – 11:00am - Coffee-break. 

 

11:00 – 1:00pm  Presentations Session 5 

 

 

 

Session 6 – INITIATION. 

 

9:00 – 09:30am - Key note by ROD DRAKE 

 

09:30 – 10:30am - Presentations Session 6 

 

10:30 – 11:00am - Coffee-break  

 

11:00 -1:00pm - Presentations Session 6 

 

Session 8 - STAGE PYRO AND 

FIREWORKS. 
 

9:30-10:00am - Key note by TOM 
SMITH 

 

10:00 – 11:15am Presentations 

Session 8 

 

11:15 – 11:45am - Coffee-break 

 

11:45 – 1:30pm Round tables: 

- Design and firing systems* 

- Safe use and handling of stage   

Pyrotechnics* 

- Safety plans for firework 

displays, location 

considerations* 
 

1.30pm Official Closure 

1:00 -2:00pm  Working Lunch 1:00 -2:00pm  Working Lunch 1:00 -2:00pm  Working Lunch 1:00 -2:00pm  Working Lunch 2:00pm  Working Lunch 

2:00 – 3:00pm - Presentations Session 1. 

 

Session 2 MANUFACTURE. 

 

3:00 – 3:30pm - Key note by HERVÉ 
GRAINDORGE 

 

3:30 – 4:45pm - Presentations Session 2.  

 

4:45 – 5:00pm - Coffee-break. 

 

5:00-6:00pm Round table 

INTERNATIONAL AND EUROPEAN R&T 

COOPERATION ON PROPELLANTS, 

EXPLOSIVES AND PYROTECHNICS*. 

Session 4 – EMERGING TECHNOLOGIES. 

 

2:00 – 2:30pm - Key note by STEVEN SON  

 

2:30 – 4:15pm - Presentations Session 4 

 

4:15 – 4:30pm - Coffee-break 

 

4:30 – 5:00pm - Presentations Session 4 

 

5:00 – 6:00pm Round table REACH 

REGULATIONS AND ITS IMPLICATIONS 

FOR PROPELLANTS, EXPLOSIVES AND 

PYROTECHNICS FIELDS*.  

2:00 – 3:00pm - Presentations Session 5. 

 

3:00 – 3:30pm -  Group Photo 

 

3:30-4:30pm  

IPS Business Meeting & 40
th

 IPS. 

 

5:30 – 7:30pm: 

 

Visit to the Historic Centre of Valencia 

Session 7 – MILITARY PYROTECHNICS. 

 

2:00 – 2:30pm - Key note by Dr. ERNST- 
CHRISTIAN KOCH. 
 

2:30 – 4:30pm - Presentations Session 7 

 

4:30 – 4:45pm - Coffee-break 

 

4:45 – 6:15pm - Presentations Session 7 

 

 

 

 

 

 

 

 

 

FREE TIME 

FREE TIME FREE TIME FREE TIME 8:00pm  Gala Dinner 
11:00pm  Fireworks Demonstration 

 

 

*The Participants and Speakers of the Round Tables will be relevant experts of these topics. 

Sunday 26
th

 May – Evening Reception, Welcome Drink 
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SESSION 1: SYNTHESIS 

Combustion synthesis of titanium carbonitride powders 

Sławomir Dyjak, Malwina Wasilewska, and Stanisław Cudziło 

Military University of Technology 

Faculty of Advanced Technologies and Chemistry 

Sylwestra Kaliskiego 2 Str. 

00-908 Warsaw, Poland 

scudzilo@wat.edu.pl 

 
Keywords: titanium carbonitride powder, combustion 
synthesis. 

ABSTRACT 

Submicron powders of titanium carbonitride 
(TiC0.5N0.5) were synthesized in reactions of titanium 
with zinc dicyanide: Zn(CN)2 + 4Ti → 4TiC0.5N0.5 + 
Zn. The reactions are exothermic enough to propagate 
in the reactants mixture in the form of self-sustaining, 
high-temperature synthesis (SHS). The final product is 
separated and purified by dissolution of the only 
byproduct (zinc) in a diluted hydrochloric acid. The 
use of zinc dicyanide as the source of carbon and 
nitrogen causes that also titanium carbonitride 
contains these elements in an atomic ratio of one. The 
reaction temperature can be easily reduced by addition 
of zinc powder to the green mixture. Synthesis in the 
presence of zinc gives TiC0.5N0.5 powders containing 
round-shaped and unagglomerated particles. 

1. INTRODUCTION  

Carbides and nitrides of transition metals, that is the 
compounds of carbon and nitrogen with the elements 
of blocks (d) and (f) of the periodic table, are known 
for over 100 years [1]. Structural similarity of carbides 
and nitrides makes it possible to replace partially 
carbon atoms with nitrogen atoms. In this way a 
solution of both carbon and nitrogen in the metal is 
formed and the resulting compounds are named 
carbonitrides [2]. Depending on the atomic ratio of 
carbon and nitrogen, carbonitrides of different 
stoichiometry are produced. Their formula can be 
written as MeC1˗xNx, or more generally as Me(C,N). 
Physico-chemical and mechanical properties of most 
carbonitrides change smoothly along with the change 
of nitrogen and carbon contents in the metal – from 
the characteristic for pure carbide MeC (x = 0) to the 
typical of pure nitride MeN, when x = 1 [3].. 

Titanium carbonitrides share several unique 
properties, like high hardness and chemical inertness 
(even at high temperatures) and high thermal 

conductivity [4-6].Therefore they are used for the 
production of cutting tools, abrasives, abrasion- and 
corrosion-resistant parts of machines [7]. For the same 
reasons, titanium carbonitrides can be applied in 
dental alloys [8, 9], and thanks to a good electrical 
conductivity, also in electrodes working in aggressive 
media [10]. The growing interest in this material 
entails the need for search of cheap and efficient 
methods of its synthesis. 

Titanium carbonitrides are produced in the form of 
thin layers and powders [11-14]. Layers of Ti(C,N) 
can be formed on the surface of almost any base using 
CVD method (Chemical Vapour Deposition) [15]. 
Ti(C,N) powders are prepared by hot pressing of TiC 
and TiN powder mixtures – for five hours at a 
temperature of 1800 °C and at a pressure of 27.6 MPa 
[5], or for one hour at a temperature of 1600 °C and at 
a pressure of 300 MPa [4]. High-temperature nitriding 
(1700 oC) of mixtures of titanium carbide and titanium 
also gives Ti(C,N) powders [16]. The powders can be 
synthesized by reduction of titanium dioxide with 
carbon in nitrogen atmosphere: 2TiO2 + 2(3-x)C + xN2 
= 4CO + 2TiC1-xNx [17]. Low-temperature and 
pressure, but still quite complex, methods of Ti(C,N) 
synthesis have also been developed. They include 
thermal decomposition of titanium tetrachloride 
complexes with organic amines [18], reduction of 
titanium tetrachloride and carbon tetrachloride 
solutions with sodium azide, and high-energy milling 
of carbon and titanium powders in nitrogen 
atmosphere [13]. 

The known methods of Ti(C,N) synthesis are energy-
intensive and require a complicated apparatus, 
enabling the creation and long-term maintenance of 
appropriate reaction conditions (high temperatures and 
pressures). Even though Ti(C,N) can be prepared from 
TiO2, the last trace of dissolved oxygen is difficult to 
remove from the product. Solid phase reactions 
between titanium nitride and carbide do not guarantee 
the uniformity of the product. What is more, owing to 
the high temperature and pressure during synthesis, 
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the product is in a form of hard sinter (agglomerate) 
that must be ground to obtain a fine powder. This 
increases the time of synthesis and adds to the cost of 
the product. 

The method proposed in this paper is devoid of the 
drawbacks. After local initiation, reactions between Ti 
and Zn(CN)2 propagate in the green mixture in the 
form of reaction (combustion) wave, because the 
energy needed to sustain the process comes from the 
reaction itself. The use of zinc dicyanide as the source 
of carbon and nitrogen causes that also titanium 
carbonitride contains these elements in an atomic ratio 
of one. The main product can be easily isolated from 
postreaction mixture by dissolving unreacted 
substrates and by-products in a dilute hydrochloric 
acid. The reactions are exothermic enough to sustain a 
stable propagation of reaction wave in Ti/Zn(CN)2 
mixtures diluted with zinc. Ti(C,N) powders prepared 
under these conditions are not agglomerated, the 
particles are round-shaped and have submicron sizes. 

2. EXPERIMENTAL SECTION 

The starting mixtures contained reactants in a molar 
ratio of: Zn(CN)2 + 4 Ti + k Zn, where k was 0, 2 or 3. 
According to supplier declarations the reagents have 
the following properties: Zn(CN)2 (MERCK, Cat. No. 
8823, purity 99%), Ti (ABCR, Cat. No. AB210733, 
purity 99.5%, 325 mesh) and Zn powder, (ABCR, Cat. 
No. AB122300, 99.9%, 325 mesh). The tested 
compositions were prepared by mixing the substrates 
taken in an adequate proportion. The mixture was 
manually stirred in a ceramic mortar for 15 min. 

Approximately 40 g of the mixed powder was hand 
pressed into a graphite cup of 28 mm in inner diameter 
and 25 mm in length. The cup with the green mixture 
was placed into a hermetic steel reactor of approx. 300 
cm3 in volume, which was after that filled with argon 
at an initial pressure of 3.0 MPa. The combustion 
process was initiated with an electrically heated 
carbon fiber (Quorum Technologies), which was 
turned off immediately after the reaction initiation. 

Tungsten-rhenium thermocouples (type C, W/Re-5 
versus W/Re-26, 250 µm in diameter, OMEGA 
Engineering) were used to monitor the combustion 
temperature (Tc), as well as to determine the 
combustion velocity (uc). Two thermocouples were 
placed into the sample, perpendicular to the cylinder 
axis, at a spacing of approx. 10 mm. The upper 
thermocouple was located approx. 10 mm from the top 
of the specimen. A computer-assisted data logger 
(NI 9219, National Instruments) recorded 
continuously the thermoelectric power with a 
sampling frequency of 100 Hz. Combustion velocity 
was calculated from the recorded temperature profiles 
and the known distance between the thermocouples. 

The collected raw products were sequentially purified 
with a dilute hydrochloric acid and water to remove 
by-products, unreacted reactants and other residual 
soluble impurities. The purification procedure 

included: 2 h boiling in a solution of hydrochloric acid 
(250 cm3, concentration 10 wt.%), then washing with 
distilled water and ethanol. As-prepared Ti(C,N) 
powders were dried in air at 50 oC. 

The purified combustion products were analyzed to 
identify their composition and morphology. XRD 
spectra were measured using D500 Diffractometer 
(Siemens) in conjunction with CuKα radiation in the 
range of 2θ from 10o to 70o. The morphology and 
elemental composition were studied by means of SEM 
(Carl Zeiss Ultra Plus, operating at 3 kV) equipped 
with EDX analysis unit (Bruker, Quantax 400). Two 
EDX analyses were performed for each sample of 
combustion products, and the signal was collected 
from a surface of 100 µm2. 

3. RESULTS AND DISCUSSION 

XRD patterns of the purified reaction products in 
mixtures of Zn(CN)2 + 4Ti (solid line) and 
Zn(CN)2 + 4Ti + 3Zn (dashed line) are presented in 
Fig. 1. In both the patterns, there are only three intense 
peaks that can be indexed to the phase of solid 
solution of carbon and nitrogen in titanium, i.e. Ti2CN 
lattice structure (PDF 01-071-6059). 

Rietveld method of refinement of structural 
parameters was applied to determine the unit cell 
parameters. DBWS-9807 program [19] was used for 
all the calculations. The unit cell dimensions were 
calculated to be: a = 4.2809 Å in the case of 
Zn(CN)2 + 4Ti sample and a = 4.2847 Å for the 
sample synthesized in the presence of zinc in the 
starting mixture. Knowing that unit cell parameters of 
pure titanium carbide and titanium nitride are 
aTiC = 4.3274 (PDF 00-32-1383) and aTiN = 4.2417 Å 
(PDF 00-38-1420) and assuming that the lattice 
constant changes linearly with carbon and nitrogen 
contents in titanium carbonitride, the molecular 
formulas of the reaction products were found: 
TiC0.46N0.54 (Zn(CN)2 + 4Ti sample) and TiC0.50N0.50 
(Zn(CN)2 + 4Ti + 3Zn sample). 
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Figure 1: XRD patterns of purified reaction 

products in mixtures of Zn(CN)2 + 4Ti (solid 

line) and Zn(CN)2 + 4Ti + 3Zn (dashed line). 
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Average results of the chemical composition analysis 
of the purified reaction products by EDX spectroscopy 
are shown in Table 1. 

Table 1: Elemental composition of the tested 

samples. 

Sample 
Elemental composition [at. %] 
Ti C N Zn 

Zn(CN)2 + 4Ti 49.40 24.93 25.67 0.00 
Zn(CN)2 + 4Ti+3Zn 50.71 24.42 24.01 0.86 

The molecular formulas of the obtained products from 
green mixtures without and with zinc, determined 
using the data from Table 1, are Ti0.99C0.50N0.51 and 
Ti1.02C0.49N0.48Zn0.01. Thus the results of EDX studies 
are in a good agreement with phase identification 
using XRD patterns. The atomic ratio of titanium 
atoms to carbon and nitrogen atoms in the samples is 
approximately as 1:0.5:0.5. 

Averaged and smoothed (spline method) temperature 
profiles in the combustion wave of the mixtures 
Zn(CN)2 + 4Ti + k Zn, where k = 0, 2 or 3, are shown 
in Fig. 2. 
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Figure 2: Averaged temperature distributions in 

the combustion wave of Zn(CN)2 + 4Ti + 

k Zn system. 

The observed multi-stage temperature distributions 
result from the melting and boiling reactants. The 
combustion reaction in the investigated systems starts 
after melting and decomposition of Zn(CN)2, i.e. at 
approx. 800 oC. The plane at which, the reaction 
temperature reaches T* = 800 oC, separates 
combustion wave into two zones – pre-flame zone 
(left side) and chemical reaction zone (right side). For 
mixtures with k = 2 or 3, in the pre-flame zone, zinc 
melts at 420 oC and dissolves titanium forming various 
Ti-Zn phases [20], but these processes are not detected 
easily because of a blocking effect of the combustion 
temperature and comparatively low melting enthalpy 
of zinc (6.67 kJ/mole). 

A noticeable decrease in the rate of temperature 
increase in the combustion wave can be seen in a 
temperature range of 800-1000 oC. This seems to be 
connected with the heat consumed in the evaporation 

of zinc (907 oC, 115.3 kJ/mole) and decomposition of 
zinc dicyanide (800 oC). Next, in the beginning part of 
the reaction zone, the temperature increases rapidly up 
to approx. 1500 oC, and with k = 2 or 3, a long tile of 
the after-burning zone appears. In the case of Zn(CN)2 
+ 4Ti mixture (k = 0), the combustion temperature Tc 
is higher by approx. 1000 oC, i.e. it reaches approx. 
2600 oC. The small isothermal area on the temperature 
distribution of 4 Zn + Zn(CN)2 at approx. 1500 

oC can 
be attributed to titanium melting in the presence of 
titanium-zinc phases, and at an elevated pressure (the 
measured peak pressure in the reactor was approx. 11 
MPa). 

The combustion velocities uc decrease with increasing 
Zn concentration. In the mixture without Zn, pressed 
to a density of approx. 1.67 g/cm3, the combustion 
wave propagates at approx. 7.5 mm/s. For k = 2 and k 
= 3, the combustion velocity is only 1.3 and 0.8 mm/s, 
at densities of 1.95 and 2.09 g/cm3, respectively. 

The morphology of purified combustion products is 
shown by SEM images (Figs 3 and 4). TiC0.5N0.5 
produced in reaction of Zn(CN)2 + 4Ti (without zinc 
in the starting mixture) is in a form of a porous 
agglomerate (sponge-form sinter) of particles with 
irregular shape and size (Fig. 2A), whereas synthesis 
in the presence of zinc Zn(CN)2 + 4Ti + 3Zn gives 
powders containing unagglomerated particles that are 
quite regular in shape and size, Fig. 2B. 

 

 

Figure 3: SEM images of TiC0.5N0.5powders: A 

sample Zn(CN)2 + 4Ti, and B sample 

Zn(CN)2 + 4Ti + 3Zn; scale bar length is 

4 µm. 
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A positive influence of the presence of zinc in the 
starting mixture on the morphology of the products is 
even better seen in Fig. 4. The SEM images confirm 
that TiC0.5N0.5 particles are not sintered, round-shaped 
and with diameters below 1 µm. The change in 
product morphology was undoubtedly caused by the 
reduction in the combustion temperature by approx. 
1000 oC. So that the SHS process in Zn(CN)2 + 4Ti + 
kZn system can produce sub-micrometer-sized of 
titanium carbonitride powders by changing the Zn 
concentration in the green mixture. 

 

 

Figure 4: SEM images of TiC0.5N0.5 powders: A and 

B sample Zn(CN)2 + 4Ti + 3Zn; scale bar 

length is 1 µm. 

Unfortunately with increasing contents of zinc in the 
reacting mixture, the purity of titanium carbonitride 
decreases. The chemical composition analysis by EDX 
spectroscopy indicates that the purified reaction 
product in the mixture of Zn(CN)2 + 4Ti + 3Zn 
contains approx. 0.86 at.% of zinc, Table 1. 

4. CONCLUSIONS 

In conclusion, we succeeded in synthesizing TiC0.5N0.5 
submicron powders via a spontaneous reaction of zinc 
dicyanide with titanium. Generally the reaction can be 
written as follows: Zn(CN)2 + 4Ti → 4TiC0.5N0.5 + Zn. 
The sequence of processes in the combustion wave 
includes: zinc melting (if present), decomposition of 
Zn(CN)2, zinc violent evaporation and spattering of 
molten Ti-Zn phases, dissolving carbon and nitrogen 
in titanium droplets, nucleation and growth of 
TiC0.5N0.5 crystallites. Identical number of carbon and 
nitrogen atoms in Zn(CN)2 molecule and the fact that 
they are released in the atomic form or CN molecules 

favor the formation of chemically homogenous 
titanium carbonitride containing carbon and nitrogen 
in an atomic ratio of one. 

Excessively high temperature in the reaction zone, 
propagating in the stoichiometric mixture of 
Zn(CN)2 + 4Ti (approx. 2600 

oC), causes that the 
growing TiC0.5N0.5 crystallites connect to each other 
forming a porous agglomerate. In order to prevent the 
agglomeration, the reaction can be carried out in the 
presence of zinc. Phase transitions of zinc occur at low 
temperatures (420 and 907 oC) and are highly 
endothermic processes. Thus zinc effectively reduces 
combustion temperature (to approx. 1600 oC). 
Moreover gaseous zinc separates TiC0.5N0.5 crystallites 
what prevents agglomeration, reduces particle sizes, 
and improves their morphology. It was experimentally 
confirmed that hand-pressed mixture of 
Zn(CN)2 + 4Ti + 3Zn is capable of self-sustaining 
combustion under argon atmosphere at an initial 
pressure of 3.0 MPa. 

Advantages of the proposed method for easily 
realizing scale-up of TiC0.5N0.5 powder synthesis 
include that it is a simple, fast, low-temperature, low-
pressure, and low-cost process. It has high yield, and 
the starting reactants are readily available. What is 
more the route described here may provide a new self-
induced and efficient method to produce novel 
titanium carbonitride base cermets, and even end-
shape elements made of these materials. This is 
possible by using cyanides of metals (Me) that are not 
removed from the combustion products, but remains 
as a metallic matrix of the Me-Ti(C,N) composite. For 
example silver cyanide AgCN and copper dicyanide 
Cu(CN)2 may be used to produce Ag-Ti(C,N) and Cu-
Ti(C,N) cermets. Other metallic matrixes cannot be 
excluded, but silver and copper are preferred owing to 
the low melting points of the metals, approx. 962 and 
1083 oC, respectively. 
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ABSTRACT 

2,2-Dimethyltriazanium salts are hydrazine derivatives 
where a third atom of nitrogen has formally been 
added to a hydrazine moiety forming a new sigma 
single bond. These compounds can be prepared by 
reaction of unsymmetrical dimethylhydrazine 
(UDMH) with an aminating agent such as 
monochloramine (NH2Cl) or hydroxylamine-O-
sulfonic acid (HOSA). In this work, the nitrogen-rich 
2,2-dimethyltriazanium cation was paired with a series 
of energetic anions yielding a new family of salts with 
prospective energetic interest. After purification, the 
2,2-dimethyltriazanium salts were characterized by IR, 
multinuclear NMR, EA and X-Ray diffraction. 
Additionally, their thermal stabilities were measured 
using DSC and their sensitivities towards impact and 
friction were evaluated according to standard tests. In 
order to assess the energetic performance of the new 
salts, their heats of formation were determined 
experimentally using bomb calorimetry and these 
values were compared with those obtained 
theoretically by chemical quantum methods.  

1. INTRODUCTION 

The 2,2-dimethyltriazanium salts are the first known 
saturated compounds containing a single bonded chain 
of more than two contiguous nitrogen atoms that are 
stable at ordinary temperature, in air or in neutral 
aqueous solutions. Several salts of the 2,2-
dimethyltriazanium (DMTZ) cation have been 
prepared from the chloride or the sulfate and 
characterized such as nitrate, perchlorate, 
methylsulfonate, toluosulfonate, bromide, iodide and 
hydroxide (Utvary, 1968). More recently, new salts of 
DMTZ have been reported as energetic ionic liquids: 
nitrocyanamide and dicyanamide or salts: 
dinitrocyanmethanide, nitrodicyanmethanide and 
tricyanmethanide (Shreeve et al 2009). The heat of 
formation of the DMTZ cation was calculated in the 
gas phase and it is rather high (1197 kJ/mol) (Shreeve 
et al 2009). Nevertheless, for none of these 
compounds, the experimental heat of formation had 

been determined. As of now, there is still room for 
further use of the DMTZ cation, a new family of salts, 
with high nitrogen content, based on this cation was 
synthesized and its prospective interest as energetic 
materials was investigated. 

2. SYNTHESIS, METATHESIS AND 
CHARACTERIZATION 
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Figure I: Preparation of the dimethyltriazanium 
chloride and sulfate salts. 

2,2-dimethyltriazanium chloride [(CH3)2N(NH2)2]
+Cl– 

(3) and sulfate [(CH3)2N(NH2)2]
+
2 [SO4]

2– (4) were 
prepared by amination of 1,1-dimethylhydrazine either 
with one equivalent of monochloramine (NH2Cl, 1) 
(Utvary and Sisler 1966, Utvary and Sisler 1968, 
Utvary, 1968), or by reaction with one equivalent of 
the sodium salt of hydroxylamine-O-sulfonic acid 
(Na-HOSA, 2) (Linke et al 1972). 

Exchange of the sulfate and chloride anions in 
compounds 3 and 4 by energetic anions yielded to the 
formation of a new family of energetic salts based on 
the 2,2-dimethyltriazanium cation [(CH3)2N(NH2)2]

+ 
and, 5-aminotetrazolate (5), 5-nitrotetrazolate (6), 
5,5’-azobistetrazolate (7) and azide (8) anions on the 
other hand. These new salts were prepared by classical 
metathesis (Figure II) except for the azide salt, for 
which the conventional ion exchange was replaced by 
electrodialysis in order to avoid the use of silver or 
barium azide.  

This technique is based on an electrochemical process, 
which consists of alternating anion - and cation - 
exchange membranes (MEA and MEC, respectively) 
separated by spacers. In this work, the stack is 
composed of four circuits allowing metathesis by 
means of ion-exchange between two salts, namely 
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dimethyltriazanium sulfate (4) and sodium azide 
(Figure III). 
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Figure II: Synthesis pathways of nitrogen-rich 
energetic DMTZ salts. 
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Figure III: Ion-exchange membranes arrangement 
in electrodialysis apparatus leading to 8. 

Compounds 5-8 were characterized by analytical and 
spectroscopic methods: IR, NMR and EA. DSC 
measurements were carried out in order to evaluate 
their thermal stabilities. Their sensitivities to impact 
and friction were determined using BAM tests. 
Moreover, the molecular structures of the new salts in 
the crystalline state were determined by single crystal 
X-ray diffraction (see section 4).  

2.1 Preparation of starting materials 

Monochloramine (1) was prepared according to a 
procedure developed in our laboratory, from 
hypochlorite solution at high chlorometric degree and 
ammonium chloride (Delalu et al 2004). The aqueous 
solution of 1 was then extracted with diethylether and 
the extracts were washed with cold water. The 
chloramine content was determined by shaking a 
measured sample with potassium iodide in acidic 
solution followed by titrating the liberated iodine with 
standard thiosulfate solution. Sodium hydroxide 
shaped as micro pellets was used as a drying agent for 
the ethereal solution of chloramine. Although 5 
minutes are generally enough for drying the ethereal 
chloramine solutions, a solution of chloramine 

(concentration = 0.3 to 0.5 mol/L) can be stored for 
several hours at ca. -10°C in the presence of sodium 
hydroxide (1 g per 10 mL of ether) without any sign of 
degradation noticeable, as supported by UV 
spectroscopy. This solution was further used to 
synthesize the DMTZ chloride (3) (Utvary and Sisler 
1968), which was then purified according to literature 
method (Giordano and Sisler 1977). This salt showed 
to be very hygroscopic, which limited its further use in 
the metathetical reactions, instead of which sulfate salt 
(4) was involved as starting material.  

2.792 g (68.62 mmol) of 99% sodium hydroxide were 
dissolved in 100 mL of methanol. To this solution, 8 g 
(68.62 mmol) of 97% hydroxylamine-O-sulfonic acid 
(HOSA) in 100 mL of methanol were added and the 
glassware was washed with additional 50 mL of 
methanol. A white precipitate of sodium 
hydroxylamine-O-sulfonate (2) was instantly formed, 
to which 5.33 mL (68.62 mmol) of 98% 1,1-
dimethylhydrazine (UDMH) was promptly added. The 
mixture was refluxed for approx 40 minutes and then 
it was slightly cooled and filtered off under vacuum. 
The filtrate was concentrated on rotating evaporator 
and the wet residue was washed with 100 mL of 
absolute ethanol and evaporated once again. The latter 
step was iterated until leading to a dry crude solid, 
which was recrystallized from methanol. 5.570 g 
(65%) matt white precipitate of 4 were obtained when 
ether was added to the methanolic solution.  

2.2 Preparation and characterization of 2,2-
dimethyltriazanium salts 

2,2-dimethyltriazanium 5-aminotetrazolate (5) 

5N N4

N4
5N 3NH2

N1

H3C

H3C N2H2

N2H2

(5)  

A 0.1 mol/L (determined by acidimetric titration) 
solution of barium hydroxide was prepared by 
dissolving approx 15 g of 99.9% barium hydroxide 
octahydrate in 400 mL of water (insoluble species 
such as barium carbonate were filtered off). 150 mL of 
this solution was then added to a suspension of 99% 5-
aminotetrazole monohydrate (3.213 g, 30.86 mmol) in 
20 mL water. The mixture was stirred for 30 minutes 
until complete dissolution. A solution of 3.831 g 
(15.43 mmol) of 2,2-dimethyltriazanium sulfate (4) in 
10 mL of water was added to the reaction mixture, that 
was stirred for 10 additional minutes. Barium sulfate, 
which precipitated immediately, was filtered off on 
celite 545. The filtrate was concentrated on rotating 
evaporator and the wet residue was washed with 50 
mL of absolute ethanol and evaporated once again. 
The latter step was iterated until leading to dry crude 
solid, which was dissolved in a minimum of methanol 
and placed in ether chamber yielding 3.614g (73%) 
colourless crystals of 5. 

1H NMR (300.13 MHz, DMSO-d6), δ (ppm): 6.77 (s, 
4H, N⊕ −NH2), 4.49 (broad s, 2H, Ar−NH2), 3.47 (s, 

SO4

Na

N3
2

MEAMEC MEAMEC MEC

DMTZ

+–
Na

DMTZ SO4
2

N3Na Na SO4
2

DMTZ N32 , + 2 , 2 2 , + 2 , 2
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6H, CH3); 
13C{

1H} NMR (75.48 MHz, DMSO-d6), δ 
(ppm): 164.3 (CIV−NH2), 59.7 (CH3); 

15N{
1H} NMR 

(50.68 MHz, DMSO-d6), δ (ppm): 382 (N5), 287(N4), 
135 (N2H2), 106 (N

⊕), 36 (N3H2). IR-TF, ν (cm
-1): 

3385 (m), 3297 (m), 3267 (m), 3190 (m), 3 151 (m), 
3116 (m), 3048 (w), 1636 (m), 1624 (m), 1521 (s), 
1487 (w), 1471 (w), 1444 (m), 1428 (w), 1322 (w), 
1291 (w), 1211 (w), 1137 (m), 1093 (s), 1001 (w), 963 
(m), 930 (w), 849 (s), 774 (w), 749 (w), 516 (s), 477 
(s). EA (C3H12N8) calc./found (%): C 22.49/22.36, H 
7.55/7.59, N 69.95/69.59. DSC (0.93 mg, 5°C/min), 
Tdecomp = 126°C (-256 J/g, exothermic). Sensitivity, 
BAM tests: insensitive to impact (> 50 J): 0 positive/6 
tests; insensitive to friction (> 360 N): 0 positive/6 
tests. 

2,2-dimethyltriazanium 5-nitrotetrazolate (6) 

5N N4

N4
5N 3NO2

(6)

N1

H3C

H3C N2H2

N2H2

 

To 60 mL (6.21 mmol) of barium hydroxide solution 
previously prepared (see above preparation of 5) was 
added 1.703 g (12.41 mmol) of ammonium 5-
nitrotetrazole prepared according to the literature 
(Klapötke et al 2009). After dissolution, 1.541 g (6.21 
mmol) of 2 in 8 mL of water, were added and the 
mixture was stirred for 10 minutes before filtration 
over celite 545. The filtrate was then concentrated as 
described for 5 and the crude salt obtained, yielded 
after recrystallization from methanol 1.453 g (62%) 
pale yellow crystals of 6. 

1H NMR (500.13 MHz, DMSO-d6), δ (ppm): 6.29 (s, 
4H, N⊕ −NH2), 3.41 (s, 6H, CH3); 

13C{
1H} NMR 

(125.76 MHz, DMSO-d6), δ (ppm): 168.7 (CIV−NO2), 
60.0 (CH3); 

15N{
1H} NMR (50.68 MHz, DMSO-d6), 

δ (ppm): 402 (N5), 359 (N3O2), 320 (N
4), 134 (N2H2), 

105 (N⊕). IR-TF, ν (cm-1): 3294 (m), 3255 (m), 3165 
(m), 3052 (w), 2956 (w), 2854 (w), 1650 (w), 1624 
(w), 1578 (w), 1538 (s), 1508 (w), 1498 (w), 1463 
(m), 1442 (s), 1424 (s), 1320 (s), 1278(w), 1227 (w), 
1177 (w), 1162 (w), 1153 (w), 1103 (w), 1070 (s), 
1056 (m), 1028 (w), 969 (w), 929 (w), 846 (s), 836 (s), 
667 (m), 546 (m), 534 (m), 506 (w), 484 (s). EA 
(C3H10N8O2) calc./found (%): C 18.95/18.52, H 
5.30/5.11, N 58.92/59.06, O 16.83/17.31. DSC (1.33 
mg, 5°C/min), Tmelting = 103°C (131 J/g, endothermic) 
Tdecomp = 122°C (-681 J/g, exothermic). Sensitivity, 
BAM tests: very sensitive to impact (< 1 J): explosion 
7/8 tests; very sensitive to friction, ISF = 15 N: 20 
tests according to Bruceton method, explosion for 
positive tests. 

2,2-dimethyltriazanium 5,5’-azobistetrazolate (7) 

5N
5N N4

N4

N3

N3

4N N5

N5
4N

2

(7)

N1

H3C

H3C N2H2

N2H2

 

Barium 5,5’-azobistetrazolate pentahydrate (4.950 g, 
12.64 mmol) previously prepared following literature 
method (Klapötke et al 2002) was dissolved (at 90°C) 
in 350 mL water and reacted with a solution of 2 
(3.140 g, 12.64 mmol) in 10 mL water. The heat was 
turned off and the reaction mixture was stirred for 10 
additional minutes and then filtered over celite 545. 
The filtrate was then treated as for 5 and the crude salt 
was recrystallized from methanol yielding yellow 
needles of 7 (3.434 g, 86%). 

1H NMR (300.13 MHz, DMSO-d6), δ (ppm): 6.45 (s, 
4H, NH2), 3.46 (s, 6H, CH3); 

13C{
1H} NMR (75.48 

MHz, DMSO-d6), δ (ppm): 173.2 (CIV), 60.0 (CH3); 
15N{

1H} NMR (50.68 MHz, DMSO-d6), δ (ppm): 489 
(N3), 396 (N5), 316 (N4), 134 (N2H2), 105 (N

⊕). IR-
TF, ν (cm-1): 3214 (m), 3106 (s), 3048 (m), 3026 (m), 
2424 (w), 2228 (w), 2087 (w), 1637 (w), 1621 (m), 
1467 (m), 1439 (w), 1386 (s), 1294 (m), 1190 (w), 
1154 (m), 1109 (w), 1092 (m), 1071 (w), 1046 (w), 
1033 (w), 953 (w), 913 (m), 775 (m), 751 (m), 734 
(m), 726 (s), 586 (m), 559 (m), 498 (m), 483 (s), 471 
(s). EA (C6H20N16) calc./found (%): C 22.78/22.98, H 
6.37/6.65, N 70.85/70.08. DSC (0.72 mg, 5°C/min), 
Tdecomp = 151°C (-814 J/g, exothermic). Sensitivity, 
BAM tests: very sensitive to impact (< 1 J): explosion 
9/10 tests; very sensitive to friction, ISF = 12.5 N: 22 
tests according to Bruceton method, explosion for 
positive tests. 

2,2-dimethyltriazanium azide (8) 

N3 N4 N3

(8)

N1

H3C

H3C N2H2

N2H2

 

At first, the membranes were conditioned twice with 
reactants solutions: 5 mmol (1.242 g) of 4 and 10 
mmol (0.650 g) of sodium azide, in 250 mL of 
deionized water each, were introduced in the feed 1 
and feed 2 circuits respectively. The electrolyte circuit 
was filled with a sodium sulfate solution (50 mmol in 
250 mL of deionized water) and its flow rate was set 
to 30 L/h. The flow rate of each circuit feed and 
product was set to 20 L/h and the electric current 
value at the two ends of the stack was adjusted to 0.1 
A. Afterwards, the ion-exchange reaction was started 
and maintained during 1.5 h in the following 
conditions: 

Feed 1: 20 mmol (4.966 g) of dimethyltriazanium 
sulfate in 250 mL of deionized water. 

Feed 2: 40 mmol (2.600 g) of sodium azide in the 
same volume of DI water. 

Current value: 0.15 A. 

The content of Product 2 circuit was then 
concentrated on rotating evaporator, then poured in 
100 mL of ethanol and back concentrated leading to 
crude dimethyltriazanium azide (8). Colorless crystals 
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of 8 were obtained by slow diffusion of diethyl ether 
into a concentrated methanolic solution of this salt. 

1H NMR (300.13 MHz, DMSO-d6), δ (ppm): 6.37 (s, 
4H, NH2), 3.40 (s, 6H, CH3); 

13C{
1H} NMR (75.48 

MHz, DMSO-d6), δ (ppm): 59.8 (CH3); 
15N{

1H} 
NMR (50.68 MHz, DMSO-d6), δ (ppm): 249 (N4), 
134 (N2H2), 105 (N

⊕), 104 (N3). IR-TF, ν (cm-1): 3328 
(w), 3270 (m), 3160 (m), 3042 (m), 2922 (w), 1989 
(s), 1646 (m), 1651 (w), 1592 (w), 1484 (m), 1460 
(w), 1425 (m), 1395 (w), 1297 (m), 1226 (w), 1171 
(w), 1113 (w), 1061 (s), 958 (s), 933 (m), 852 (s), 753 
(w), 635 (m), 513 (w), 479 (s). EA (C2H10N6) 
calc./found (%): C 20.33/20.22, H 8.53/8.36, N 
71.14/70.80. DSC (1.23 mg, 5°C/min), Tmelting = 95°C 
(145 J/g, endothermic). Sensitivity, BAM tests: 
sensitive to impact, ISI = 12.1 J (14 tests, Bruceton 
method); insensitive to friction (> 360 N): 0 positive/6 
tests. 

3. HEATS OF FORMATION 

3.1 bomb combustion calorimetry 

The heats of combustion of the synthesized salts were 
measured using a Parr 6200 isoperibol bomb 
calorimeter equipped with a Parr 1108 oxygen bomb 
suitable for the combustion of halogen-free materials. 
In order to establish the energy equivalent of the 
calorimeter, calibration was carried out using standard 
benzoic acid, for which the energy of combustion is 
known in the literature (Jessup 1942). Nitrogen-rich 
compounds do not burn readily; hence to achieve 
successful combustion, it is necessary to utilize an 
auxiliary substance with a certified heat of combustion 
value. Benzoic acid is used as combustion auxiliary in 
such cases: a sample of ≈ 100 mg of each synthesized 
salt was mixed with ≈ 900 mg of benzoic acid and 
pressed into pellets of ≈ 1 g each. However, 
experiments carried out with this auxiliary showed a 
decomposition occurring as soon as mixture was 
prepared, especially for 5. This observation results 
from the reaction of benzoic acid with the anion due to 
the pKa values: for instance, pKa (C6H5COOH) = 4.2, 
while pKa (CH3N5) = 6.0. 

Therefore, another common auxiliary was used for 
combustion measurements, which is hydrocarbon oil 
(paraffin type). Firstly, a series of five to ten bomb 
combustion essays was carried out in order to 
determine its energy of combustion: 

∆ (oil)c,wU = -(45960.8 ± 48.8) J/g. 

Afterwards, oil was involved in the combustion of the 
new DMTZ salts where approx 100 mg of each 
synthesized salt was scattered as fine-grain in the 
crucible and ≈ 600 mg of oil was then added 
uniformly in order to promote complete combustion of 
the salt and to accurately evaluate its energy of 
combustion. 

Several calorimetric corrections were taken into 
account for the determination of the energies of 

combustion, namely: the energy contributed by the 
burning of fuse wire, the heat produced by the 
combustion auxiliary and the heat liberated by the 
formation of nitric acid that is generated from the 
oxidation, in high pressure O2 and water vapour 
atmosphere, of the molecular nitrogen trapped in the 
bomb and released from the combustion of nitrogen-
rich compounds sample. 

The specific and molar energy of combustion of each 
synthesized salt was determined from the equations 
below (the values are considered as standard energies, 
the reduction to standard state being small, it was 
hence neglected): 

0
, ( ) corr fuse acid aux

c w

sample

EE E E E
U sample

m

− × ∆θ − − −
∆ =

 J/g [1] 

0 0
,( ) ( ) ( )c c wU sample U sample M sample∆ = ∆ ×  J/mol [2] 

The standard energy of combustion was converted to 
standard enthalpy of combustion (in J/mol, Equation 
(3)) and then on the basis of the general combustion 
Equation (4), Hess’s Law was applied in Equation (5) 
incorporating the known standard heats of formation 
for water and carbon dioxide (Linstrom and Mallard 
NIST Chemistry WebBook). 

0 0
a b c d a b c d(C H O N (s)) (C H O N (s)) (g)c cH U RT n∆ = ∆ + ∆  [3] 

With 
2 - 2

(g)=
4

d b c
n

+
∆

 

a b c d 2

4 -2
C H O N (s) O (g) 

4

+
+
a b c

0

2 2 2 ( )  ( )  ( )
2 2

∆
→ + +

c
b dH

aCO g H O g N g   [4] 

0 0 0
a b c d 2 2

b
(C H O N (s)) a (CO (g)) (H O(l))

2
∆ = ∆ + ∆f f fH H H  

   0
a b c d(C H O N (s))−∆ cH     [5] 

For compound 5, the mean energy of combustion 
obtained from five tests with paraffin oil as 
combustion auxiliary is: 

, 3 12 8(C H N (s))c wU∆ = -(20184.6 ± 108.4) J/g  

That leads to 
0

3 12 8(C H N (s))fH∆ =  335 ± 17 kJ/mol. 

For compound 6, soot-free combustion could not be 
achieved with paraffin oil, instead of which benzoic 
acid was used for combustion measurements. It is 
worthy to mention that decomposition reaction in this 
case was not noticeable as for 5. The mean energy of 
combustion for 6 obtained from three tests with 
benzoic acid as combustion auxiliary is: 

, 3 10 8 2(C H N O (s))c wU∆ =
 -(14714.7 ± 43.1) J/g ⇒  

0
3 10 8 2(C H N O (s))fH∆ =  182 ± 8 kJ/mol. 



Darwich et al. 

 5
EGC 2013 

For compound 7, two series of tests were carried out, 
the first series of five tests with paraffin oil as 
auxiliary gave:  

, 6 20 16(C H N (s))c wU∆ =
 -(20009.2 ± 61.9) J/g ⇒  

0
6 20 16(C H N (s))fH∆ =  1103 ± 20 kJ/mol 

And the second series of three tests with benzoic acid 
as auxiliary gave: 

, 6 20 16(C H N (s))c wU∆ =
 -(18706.7 ± 87.6) J/g ⇒  

0
6 20 16(C H N (s))fH∆ =  691 ± 28 kJ/mol. 

For compound 8, the mean energy of combustion 
obtained from five tests with paraffin oil as 
combustion auxiliary: 

, 2 10 6(C H N (s))c wU∆ =  -(21749.2 ± 252.6) J/g ⇒  

0
2 10 6(C H N (s))fH∆ =  352 ± 30 kJ/mol. 

3.2 Theoretical heats of formation 

Standard gas phase heats of formation (in kJ/mol) for 
the different ion moieties of the DMTZ salts studied 
were calculated using CBS-QB3 method, in 
association with atomization reactions. Results are 
summarized in Table I.  

Table I: Standard gas phase enthalpies of 
formation different ion moieties of the 2,2-
dimethyltriazanium salts studied. 

Ion ∆Hf
0 (g) kJ/mol 

2,2-dimethyltriazanium cation 773 
5-aminotetrazolate anion 179 
5-nitrotetrazolate anion 104 

5,5’-azobistetrazolate anion 789 
azide anion 190 

 

For a salt, the solid state heat of formation is the sum 
of the gas phase heats of formation of its ions minus 
its lattice enthalpy ∆HL, which can be estimated with 
an empirical equation proposed by Jenkins et al 
(1999). Aside from tabulated structural and electronic 
parameters (nM and nX), the formula requires the 
volume of the salt (in nm3), taken as the volume of the 
unit cell VUC divided by Z, which is the number of 
molecules in the unit cell (Equations 6 and 7).  

( ) 







+= β

V

α
IXM∆U qpL 3
2  [6] 

RT
n

q
n

p∆U∆H XM
LL 
















−+








−+= 2

2
2

2
    [7] 

For singly-charged ions (salts of the MX type), 
Gutowski et al (2007) calculated a new set of α and β 
parameters for energetic materials, leading to a better 
agreement with the experimental values of this work 

than the original ones from Jenkins et al (1999), 
generated with data from inorganic compounds. 
However, for M2X salts like 7, the only parameters 
available for now are those from Jenkins et al (1999). 

Volumes and Lattice enthalpies for the synthesized 
salts are depicted in Table II.  

Table II: Volume and Lattice enthalpies of the 
synthesized DMTZ salts. 

Salt Volume (Å3) ∆HL kJ/mol 
5 200 144 
6 222 142 
7 381 286 
8 151 151 

 

Heats of formation in the solid phase can now be 
calculated from the values computed for the isolated 
ions and the lattice enthalpies. 

Table III reports the comparison between calculated 
and experimental heats of formation. Using the 
procedure described earlier, the agreement is 
satisfactory (with paraffin oil). Moreover, the gap 
between the theoretical and the experimental value 
found with benzoic acid for 7 confirms that the latter 
reacts with tetrazole-based anions. 

Table III: Experimental and Calculated Heats Of 
Formation for the synthesized DMTZ salts. 

Salt 
Exp. HOF 
(paraffin oil) 

Exp. HOF 
(benzoic acid) 

Calc. 
HOF 

5 335 ± 17 - 348 
6 - 182 ± 8 283 
7 1103 ± 20 691 ± 28 1140 
8 352 ± 30 - 333 

 

Compound 8 showed the largest, but still reasonable, 
difference between experimental and calculated HOF 
values. Anyway, for all these compounds, except 
compound 6, for which soot-free combustion could 
not be achieved with paraffin oil, the gap between 
experimental and calculated HOF is small enough for 
an accurate assessment of the performances of 
energetic materials prior to synthesis. 

4. CRYSTAL STRUCTURES DISCUSSION 

Compound 5 crystallizes in the monoclinic system in 
the space group P21/n with 8 molecules in the unit 
cell. Figure IV shows one of the two sets of 
crystallographically independent ion pairs, which form 
the asymmetric unit of 5. Contrary to a recent report 
describing the crystal structure of 2,2-
dimethyltriazanium nitrate and dinitrocyanmethanide 
salts (Shreeve et al 2009), which exhibit one long 
(1.456-1.461 Å) and one short (1.437-1.443 Å) N-N 
bond distance for the cation, the N-N distances for the 
two sets of crystallographically independent cations in 
5 rather belong to the short N-N bond type (N1–N2 = 
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1.435(2) Å, N1–N3 = 1.438(2) Å, N18–N19 = 
1.449(2) Å and N19–N20 = 1.440(2) Å). This 
phenomenon (short and long N-N bond), also 
observed in the crystal structure of 2,2-
dimethyltriazanium chloride (Sisler et al 1976), is 
thought to be related to strong hydrogen bonding 
elongating one of the two N-N bonds in the cation. 
The 5-aminotetrazolate anion, on the other side, has a 
geometry very similar to that found in alkali metal 
salts containing the same anion (Klapötke et al 2007). 

 

Figure IV: Asymmetric unit of 5 with the labeling 
scheme (Diamond ellipsoids at 50 % 
probability). 

The three amino-groups presents per formula unit 
contribute to the formation of extensive hydrogen-
bonding. Most of these hydrogen bonds are very 
directional and participate in the formation of different 
graph-sets, which were identified using the RPLUTO 
computer program and graph-set nomenclature 
(Bernstein et al 1995, http://www.ccdc.cam.ac.uk). In 
particular, many of these graph-sets are dimmeric 
interactions between cation and anion, which take the 
labels D1,1(2), D1,2(3), D2,2(X) (X = 4-7), D2,3(7) 
and D3,3(X) (X = 8-10) and chain hydrogen-bonding 
patterns of the type C1,1(5) and C2,2(X) (X = 8-10). 
In addition and more interestingly there exists also 
several R2,1(3), and R2,2(X) (X = 7,8) ring patterns at 
the secondary level (i.e., involving two different 
hydrogen bonds) and at the tertiary level, it comes to 
the formation of a larger R3,3(9) network by 
interactions among two 5-aminotetrazolate anions and 
one 2,2-dimethyltriazanium cation via the formation 
of three different hydrogen bonds (N2•••N6 = 
3.210(2) Å, N11•••N14iv = 3.065(2) Å and N2•••N13iv 

= 3.094(2) Å, symmetry code: (iv) 1.5- x, -0.5+y, 0.5-
z ). These ring graph-sets are represented in Figure V. 

Compound 6 belongs to an orthorhombic unit cell and 
to the space group Pna21, with Z = 4. Figure VI shows 
a view of the packing around the cation and around 
the anion in the crystal structure of 6. The 5-
nitrotetrazolate anion is completely planar and the 
bond distances suggest a high delocalization for the 
negative charge as reported previously for salts of the 
same anion (Klapötke et al 2008). All hydrogen atoms 
of the amino groups are involved in hydrogen-bonding 
so that each cation and anion hydrogen-bond to three 
of their counterions. This extensive network of 

hydrogen bonding leads to the insensitivity of 5 to 
impact and friction. 

 

Figure V: Hydrogen bonding in the crystal 
structure of 5 showing some selected graph-
sets. 

 

 

Figure VI: a) Packing around the cation and b) 
packing around the anion in the crystal 
structure of 6 (Diamond ellipsoids at 50 % 
probability). 
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The packing in the unit cell (Figure VII) is made up of 
very complex hydrogen-bonded networks. At the 
primary level, only D1,1(2) dimeric graph-sets can be 
found, whereas at the secondary level chain motifs 
with the label C2,2(X) (X = 6-8) and ring networks 
with the descriptor R2,2(7) are found. The latter 
graph-sets are formed by the interaction of two 
protons of two amino groups with two contiguous 
nitrogen atoms of the same anion (N2•••N7ii = 
3.150(5) and N3•••N8ii = 3.125(5) Å; symmetry code: 
(ii) 0.5+x, 1.5-y).  

 

Figure VII: Unit cell of 6 (view along the c-axis) 
showing the extensive hydrogen-bonding 
(dotted lines). 

6 showed to be very sensitive to impact and friction, 
this phenomenon can be related to the existence of 
R2,2(7), which is a more extended motif in 
comparison with R2,1(3) (found in 5) and because 
nitro groups do not participate to hydrogen bonding 
interactions (Figure VII). 

Compound 7 crystallizes in a monoclinic unit cell in 
the space group P21/n with Z = 2. The asymmetric unit 
of the 5,5’-azotetrazolate salt (7) is formed by half of 
the formula unit (see Figure VIII). The other half is 
generated by symmetry (symmetry code: (i) 1-x, 1-y, 
1-z.). Similarly to the 5-aminotetrazolate salt (5) 
described above, the N-N distances in the cation are of 
the short type (N1–N2 = 1.440(2) Å, N1–N3 = 
1.447(2) Å). The azo bridge N=N distance (N11–N11i 
= 1.260(3) Å) has a character of a slightly elongated 
double bond (N=N double bond = 1.245 Å) (Wieberg 
et al 1995) as expected from a highly delocalized 
system. The bond distances and angles in the planar 
anion (D2h symmetry) are, within the margins of 
error, comparable to other nitrogen-rich compounds 
containing the same anion (Klapötke and Miró Sabaté 
2008). The structure of 7 contains four 
crystallographically independent hydrogen bonds, 
which are formed by each one of the four hydrogen 
atoms of the two amino groups of the cation. 

 

Figure VIII: Asymmetric unit of 7 with the labeling 
scheme (Diamond ellipsoids at 50 % 
probability). 

Apart from the azo bridge nitrogen atoms, all other 
electronegative atoms in the molecule are involved in 
the formation of medium-to-strong hydrogen bonds. 
These hydrogen bonds, which at the primary level 
form dimmeric interactions of the type D1,1(2) 
combine at the secondary level to give D2,2(X) (X = 
8, 10) dimmeric motifs, C2,2(X) (X = 5, 7, 8, 10-13) 
chain patterns and R4,4(X) (X = 10, 20) graph sets. In 
Figure IX, there is depicted the hydrogen-bonding 
around the anion with the formation of the R4,4(10) 
graph-sets by interaction between two cations and two 
anions (N2•••N6iv = 3.048(3) Å and N2•••N7ii = 
3.095(3) Å, symmetry codes: (ii) -0.5+x, 0.5-y, 0.5+z; 
(iv) 1.5-x, -0.5+y, 0.5-z). These hydrogen-bonding 
patterns are analogous to the R4,4(18) motifs found in 
the crystal structure of 1,5-diamino-4-methyl-
tetrazolium 5,5’-azotetrazolate dehydrate (Klapötke 
and Miró Sabaté 2008). The extended R4,4(10) motif 
in association with the voluminous azobistetrazolate 
anion is conducive to a less compact hydrogen 
bonding network and a less rigid structure which 
account for the high impact and friction sensitivity of 
7. 

 

Figure IX: Hydrogen bonding around the anion in 
the crystal structure of 7 showing the 
formation of a R4,4(10) graph-set (the 
symmetry generated atoms in the two non-
central anions have been omitted for 
simplicity purposes). 
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The unit cell of the azide salt (8) is tetragonal of space 
group P42cm with Z = 2. The [Me2N(NH2)2]

+ (DMTZ) 
cation in the azide salt has two C2 symmetry axes 
which interconvert the two methyl and the two amino 
groups, respectively (symmetry code: (ii) –x, -y, z). 
The azide anion is perfectly linear (angle N4-N5-N4iii 
= 179.8(2)º; symmetry code: (iii) 1-x, 1-y, z). The N1-
N2 distance (1.445(4) Å) is between the value of the 
analogous short and the long N-N distances in the 
structure of the corresponding nitrate and 
dinitrocyanmethanide salts (Shreeve et al 2009). The 
structure contains two crystallographically 
independent hydrogen bonds with the nitrogen atom of 
the amino group (N2) forming hydrogen-bonds to the 
nitrogen atom of the azide anion (N4). As represented 
in Figure X, this results in extended hydrogen-bonded 
networks with layers of alternating cations and anions 
perpendicular to the ab-plane with the amino groups 
out of the plane of these layers and connecting them 
through hydrogen-bonding. The high symmetry of the 
cation makes it possible for the formation of many 
interesting networks at the primary level and in 
addition to the usual D1,1(2) dimmeric interactions, 
chain C1,2(6) and C2,2(X) (X = 6, 8) motifs and ring 
R1,2(6), R2,2(6), R2,4(X) (X = 8, 12) and R4,4(X) (X 
= 12, 16) graph-sets are also found. Some of the ring 
graph-sets are represented in Figure X. For example, 
the side-on interaction of the two amino groups of the 
cation with the azide anion (N2•••N4ii = 3.205(6) Å) 
results in the formation of R1,2(6) graph-sets or the 
interaction of the amino group with the two end 
nitrogens of the azide anion (N2•••N4i = 3.166(6) Å; 
symmetry code: (i) -1+x, y, z) results in the formation 
of R2,2(6) motifs.  

The moderate sensitivity of 8 to impact can be 
explained by the small volume of the azide anion, on 
the one hand, and the absence of hydrogen bonds 
between layers, on the other hand. 

 

Figure X: Hydrogen bonding in the crystal 
structure of 8 showing some selected graph-
sets (view along the c-axis). 

Figure XI shows the unit cell of compound 8 with 
hydrogen-bonding (dotted lines). The unit cell is 
formed by two [Me2N(NH2)2]

+ cations and two azide 
anions so that the overall charge is zero. The two azide 
anions in the unit cell are perpendicular so that the 
layers of alternating anions and cations shown in 
Figure X are also perpendicular. 

 

Figure XI: View of the unit cell in the crystal 
structure of 8 (view along the c-axis). 

All crystallographic details of the synthesized salts are 
presented in Table IV.  
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5. CONCLUSIONS 

A new family of nitrogen-rich compounds based on 
the 2,2-dimethyltriazanium cation was synthesized 
and fully characterized (IR, NMR, EA, DSC, X-Ray). 
For the azide salt (8), classical ion-exchange was 
replaced by electrodialysis for safer metathesis. The 
thermal stabilities of the synthesized salts are rather 
high. Their sensitivities to impact and friction were 
evaluated using BAM tests and two salts (6 and 7) 
showed to be very sensitive. A thorough discussion of 
the crystal structures as well as hydrogen bonding 
networks using graph-sets notations was detailed. The 
gas phase heats of formation of the cation and anions 
were calculated at the CBS-QB3 level. Experimental 
heats of formation of the synthesized salts were 
evaluated using bomb calorimetry and compared to 
the solid state calculated HOF, which showed a good 
agreement and validated the experimental procedure 
as well as the calculation model. 
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ABSTRACT 

We report on our pursuit of the long-sought highly 
energetic molecule nitryl cyanide, NCNO2, through 
two synthetic approaches, and its successful detection 
and spectroscopic characterization as a room 
temperature stable species. State-of-the art quantum 
chemical calculations, using ab initio coupled-cluster 
methods, and hybrid-meta density functional theory, 
have provided accurate thermodynamics of reactions, 
kinetic stability, as well as Infrared, Raman and NMR 
fingerprinting, and facilitated identification of the 
target molecule. 

1. INTRODUCTION  

Nitryl cyanide (1, Fig. 1) is a simple molecule that has 
long proved elusive. To the best of our knowledge 
Klapötke et al. first considered 1 theoretically, and in 
1996 claimed the observation of its unstable isomer 
nitryl isocyanide, CNNO2 (2, Fig. 1), by low-
temperature 14N NMR, after reacting hydrogen 
cyanide with nitronium tetraflouroborate. The 2 
isomer was calculated to lie 37 kcal/mol higher than 1 

at the MP2/6-31G(d) level of theory. This was 
followed by Bartlett et al., who investigated a number 
of CN2O2 isomers using coupled-cluster 
CCSD(T)/TZ2P calculations, and proposed that 1 
should be metastable with respect to unimolecular 
decomposition.(Korkin et al. 1996) Bartlett et al. also 
predicted the heat of formation (∆H

0
f(1,gas)) of 1 to 60 

kcal/mol, using CCSD(T) calculations.  

Being an intriguing example of a strong oxidizer (NO2 
group) adjacent to an excellent fuel (CN group), 1 
represents a promising high energy density material. 
Potential uses and benefits of 1 includes homo and co-
polymerization into various extended (energetic) 
systems, azide to nitrotetrazole transformations, as 
well as modification of various dienes through 1,3- 
and 1,4-dipolar cycloaddition reactions. Politzer has 
pointed out that the cyclo-oligomerization of 1 could 
be utilized to reach cubane-like high energy density 
molecules.(Politzer 1999, Politzer et al. 1999) The 
trimer of 1, 2,4,6-trinitro-1,3,5-triazine (3, Fig. 1), has  

 

Figure 1: Nitryl cyanide (1), Nitryl isocyanide (2) 

and 2,4,6-trinitro-1,3,5-triazine  (3).  

been predicted to be a powerful HEDM.(Korkin and 
Bartlett 1996, Li 2008) 

2. RESULTS  

2.1. Computational Results  

Because 1 can completely combust itself into CO2 
without an external source of oxygen, while having a 
large positive heat of formation (∆H

0
f(1,gas) = 60.0 

kcal), it might be of interest as a rocket 
monopropellant. We have estimated the specific 
impulse (Isp, rocket propellant performance) of 1 in 
vacuum, and predict a value of 356 s (3494 Ns/Kg).  
 
Because Bartlett et al. only considered a single 
transition state, which lies as high as 53.9 kcal/mol 
over the ground state, we have investigated the 
homolytic bond dissociation into neutral CN and NO2 

radical fragments. The latter process corresponds to a 
bond dissociation enthalpy of 62.0 kcal/mol, at the 
CBS-QB3 (basis set extrapolated CCSD(T)) level of 
theory. Thus, assuming that intermolecular 
decomposition pathways can be neglected, it appears 
that 1 should indeed possess a significant kinetic 
stability at ambient conditions.  

The most straightforward approach to the synthesis of 
1 is metathetical reaction of NO2

+ and CN- ions in 
solution. However, the union of these anions into 1 is 
greatly exothermic (~ -60kcal/mol in CH3CN, Fig 2). 
It is therefore likely that limitations in heat dissipation 
cause the decomposition of any desired product 
shortly after their formation.  
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Figure 2: Relaxed broken symmetry scans at the 

PCM-UM06-2X/6-31+G(d) level hint at the 

reaction dynamics in acetonitrile solution. 

The ambivalence of CN
-
 is illustrated by a 

carbon-dominated HOMO orbital and a 

negative electrostatic potential that favors 

nitrogen. MOs and ESPs are plotted on 

constant 0.01 a.u. and 0.001 e/Bohr
3
 

isosurfaces, respectively.  The gas-phase 

energies of the two isomers 3 and 4 are 

shown relative 1 in the upper left 

parenthesis.  

The kinetic ambivalence of the cyanide anion with 
respect to C- or N-attack is addressed in Fig. 2, which 
illustrates the electrostatics favoring of N-attack 
(forming 2), whereas the HOMO orbital favors the 
thermodynamically preferred C-attack (forming 1). 
Because both pathways are without barrier a statistical 
distribution close to 1:1 can reasonably be expected 
from randomly colliding species. However, the 
situation is further complicated by two additional 
possibilities were the cyanide anion can attach to 
either oxygen of NO2

+ (which have a statistical 
advantage over nitrogen), by either N- or C- attack. 

Whereas the resulting [CNO…NO] complex 4 lies 4.7 
kcal/mol above 2, the latter [NCO…NO] complex 5 
lies 18.8 kcal/mol below 1 at the CBS-QB3 level. Spin 
unrestricted broken symmetry potential energy surface 
scans at the PCM-UM06-2X/6-31+G(d) level revealed 
that 4 likely forms following a sizable transition state 
barrier, which arises from an avoided crossing due to a 
change in electron configuration. For an accurate 
treatment of this process a multiconfigurational 
method with explicit consideration of electron 
correlation, such as MR-CI with a very large active 
space, would be required. Because our broken 
symmetry DFT scans indicate that the crossing occurs 
at ~3.3 Å, and that the barrier is close to 100 kcal/mol, 
this was deemed needless. The thermodynamically 
favored 5 was found to form by initial barrier-less 
formation of 2, followed by a 24 kcal/mol transition 
state barrier (not shown).  

Based on this computational analysis, we can 
conclude that the metathetical approach is non-
specific for the target compound. This is primarily due 
to a high exothermicity associated with the reaction 
and the generation of undesired side products. This 
explains our inability to conclusively detect either 1 or 
2 even at low temperature using this preparatory 
approach. 

2.2. Experimental Results  

For our initial observation of 1 we reacted 
(CH3)3SiCN (TMSCN) with FNO2 in acetonitrile 
solution (equation [1]). Our observed 14N NMR shift 
of -60 ppm (NO2) is in fair agreement with that 
calculated as -66 ppm. The presence of a doublet in 
the 1H NMR at -0.39 ppm (3J(1H-19F) = 7 Hz) 
confirmed the expected elimination of TMSF. 
 
FNO2

 + TMSCN → NCNO2 (1) + TMSF [1] 
 
In contrast to the reaction rate in acetonitrile, the rate 
in 2-H-heptafluoropropane was considerably slower. 
Even after several days at -20 °C, significant amounts 
of FNO2 could still be observed in the NMR spectrum. 
Small amounts of 1 were indicated by a 14N NMR 
signal at -64.6 ppm, while large amounts of N2O4 and 
N2O were observed.  
 
When the reaction was carried out in CFCl3 at -60 °C, 
the resulting blue product mixture was separated by 
fractional condensation. The -120 °C trap contained 
significant amounts of 1 displaying 14N NMR signals 
at -64.5 and -173.5 ppm, in good agreement with those 
calculated as -66 (NO2) and -164 (CN) ppm, 
respectively. The larger deviation for the CN-signal 
might be explained by its larger shift and chemical 
difference from the reference used for the computation 
(nitromethane).   
 
We also re-investigated the alleged synthesis of 
CNNO2 (2)(Klapötke et al. 1996) at 0 °C in CFCl3 
solution. Surprisingly, we could not observe any 
reaction between HCN and finely ground NO2BF4 (0.1 
mmol scale) in CFCl3 solution over a large 
temperature interval (+10 °C > T > -60°C). The 
reaction was also attempted in CH2Cl2, and CH3CN. 
Whereas the reaction in CH3CN slowly yielded 
decomposition products (N2O and N2) above 10 °C, no 
reaction occurred in CH2Cl2 even after several days at 
room temperature. However, we observed partial 
conversion (a few percent yield by NMR) in CFCl3 
after several hours at room temperature. Aside from a 
sharp signal at -64.2 ppm, a broad signal at -171.9 
ppm and unreacted HCN at -117.7 ppm, a sharp minor 
signal was occasionally observed at -64.7 ppm. These 
values are in good agreement with the values of 
Klapötke et al.  (-62.2, -120.0 and 171.4 
ppm).(Klapötke et al. 1996) The chemical shifts of 
these signals are in poor agreement with our 
predictions for 2, -94 ppm (NO2) and -160 ppm (CN), 
suggesting that 2 had not been generated in the 
previously reported experiment, and that the 
thermodynamically favored compound 1 had been 
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produced. The apparent persistence of 1 at room 
temperature prompted us to scale up synthesis to 5 
mmol in a Pyrex glass vacuum line. Low temperature 
(-60 °C) Raman spectroscopy of the CFCl3 solution 
revealed spectral features predicted for 1. Subsequent 
fractional condensation of the crude reaction mixture 
enabled unequivocal identification of gaseous 1 by 
infrared spectroscopy at room temperature (Tab. 1 and 
Fig. 3). The handling of gaseous 1 at room 
temperature without any decomposition noticeable by 
IR, implies its kinetic stability, in accord with the 
theoretical predictions. 
 

 

Figure x: Calculated infrared spectrum enabled 

experimental identification of 1 in the gas-

phase (CFCl3 solvent subtracted). 

Table 1. Spectroscopic properties of NCNO2 (1). 

Vibrational mode: Calculated[a] IR[b] Ram.[c] 
δ ip NCN (B2) 209   (2:4) x - 

δ oop NCN (B1) 278   (5:1) x - 

ν C-N (A1) 572   (1:3) - - 

δ ip NCN (B2) 600   (0:0) - - 
δ wag NO2 (B1)  739   (2:1) - - 

δ NO2 + ν C-N (A1) 891   (10:7) 890 - 

ν sym NO2 (A1) 1300 (33:27) 1300 1298 

ν asym NO2 (B2) 1586(100:10) 1580 - 

ν CN (A1) 2227(15:100) 2238 2209 
[a] RI-B2PLYP/Def2-TZVPP Frequencies (cm-1) scaled by 
0.989. IR intensity (km/mol) and Raman activity (Å4/amu) 
are shown in % of the strongest band and given within 
parenthesis (IR:Raman). Raman activities are calculated at 
the B3LYP/aug-cc-pVTZ level. [b] Experimentally observed 
IR bands, 25 °C, gas phase. “x” denotes out of range of 
instrument. [c] Experimentally observed Raman bands, -60 
°C, CFCl3 reaction mixture. 

3. EXPERIMENTAL SECTION 

Caution! Many of the materials described in this work 
are toxic, as well as energetic and likely to be 
explosive in the condensed phase. They should only 
be handled on a small scale while taking appropriate 
safety measures, such as wearing ear plugs, face 
shield, leather gloves and protective clothing, and 
working in a well ventilated environment. All 
manipulations were performed using standard vacuum 
line and drybox techniques. Manipulations involving 
FNO2 were performed on a passivated stainless steel 
line using either passivated stainless steel cylinders or 

passivated Teflon-FEP reactors equipped with 
stainless steel valves. NMR characterizations 
performed on systems containing FNO2 were done in 
sealed Teflon liners inside 5mm NMR tubes. 
 

3.1. Apparatus 

NMR measurements were acquired on a Bruker AMX 
500 (14N, ν0 = 36.13 MHz) spectrometer. Spectra were 
externally referenced to neat CH3NO2 (δ0 = 0.00 ppm). 
Raman spectra of solutions were recorded in J. Young 
tubes on a Bruker Equinox 55 FT-RA 
spectrophotometer using a Nd:YAG laser at 1064 nm 
with a power output of 900 mW. IR spectra were 
recorded on a Midac, M series, FT-IR spectrometer, 
using an AgCl-windowed sample holder.  
 

3.2. Materials  

CFCl3 (≥98%, Aldrich) and CD3CN (99.8%, 
Cambridge Isotope Labs) were degassed and stored 
over 3 Å molecular sieves. CH3CN (anhydrous, 
≥99.8%, Sigma-Aldrich)) was distilled over P2O5 
(99.6%, J. T. Baker), and stored over 3 Å molecular 
sieves. 2-H-heptafluoropropane (98%, Synquest Labs) 
was distilled over P2O5 and stored in a passivated steel 
cylinder. TMSCN (97%, Matrix scientific), was 
degassed and stored in an ampule equipped with a 
Teflon-FEP valve. NO2BF4 (≥95.5%, Aldrich) was 
stored in an inert atmosphere and used as received. 
Stearic acid (≥95%, Sigma-Aldrich) was dried by 
heating at 60 °C under vacuum for 2 hours prior to 
use. All solid reagents were dried under vacuum prior 
to use. 
 
FNO2 was prepared by condensing F2 (89 mmol) and 
N2O4(76 mmol) in a steel cylinder at -196 °C and then 
letting the mixture slowly warm up to room 
temperature over 12h. The cylinder was then cooled 
down to -196 °C and the excess F2 was removed under 
vacuum and passed through a NaCl/soda lime column. 
The crude product contains variable amounts of FNO, 
which was removed by adding an amount of ClF3 
corresponding to the estimated amount of FNO and 
passing the cooled gases through a -142 °C trap. The 
pure FNO2 was collected in a -196°C trap. IR: ṽ = 
3567 (w), 3080 (m), 2614 (w), 1875 (m), 1793 (vs), 
1644 (w), 1484 (w), 1394 (m), 1308 (vs), 1140 (m), 
823 (vs), 741 (s), 571 (s) cm-1. 14N NMR (2H-
heptafluoropropane, unlocked, 210K) δ/ppm: -92.5 (d, 
J(14N-19F) = 117 Hz).   
 
The synthesis of HCN was inspired by a previously 
reported synthesis of HN3.(Christe et al. 1999) Finely 
crushed KCN (422 mg, 10.8 mmol) was added to 
stearic acid (15.3 g, 53.8 mmol).  The reaction vessel 
was heated to 80 °C for 3 hours while the formed 
HCN was transferred under a dynamic vacuum and 
collected in a trap cooled by liquid nitrogen. 
Subsequent purification by fractional condensation 
(traps at -20, -90 and -196 °C) resulted in pure HCN 
(by IR) in -90 °C trap. IR: ṽ = 3310 (s), 1411 (w), 712 
(vs) cm-1. 14N NMR (Freon-11, unlocked, 250K) 
δ/ppm: -118.5 (s, broad). 
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3.3. Preparation of 1  

Method 1: In a typical experiment, TMSCN (492 mg; 
4.96 mmol) was weighed in a Teflon-FEP reactor. 
Solvent was condensed and the reactor was transferred 
to a metal line.   FNO2 (5.17 mmol) was then 
condensed in the reactor at -196 °C and the mixture 
was warmed up to -60 °C during one hour. After 40 
minutes at -60 °C, the mixture was fractionally 
condensed through -20, -64, -96, -126 and -196 °C 
traps. The contents of the -120 °C trap were 
condensed in a J-Young NMR tube. 14N NMR (Freon-
11, 230 K) δ/ppm :  -64.4 (s), -173.0 (bs), along with 
other signals at -18.5 (N2O4), -71.5 (N2), -116.4 (broad 
signals), -147.6 (N2O), -231.8 (N2O). 
 
Method 2: In a typical NMR-scale experiment 
NO2BF4 (13.3 mg, 0.1 mmol) was added to a J. Young 
NMR tube. The solvent (1 ml CFCl3, CH2Cl2, or 
CD3CN) was added, followed by HCN (1 mmol) at 
liquid nitrogen temperature. The temperature was then 
ramped slowly from -60 °C to 25 °C while in the 
NMR instrument. For the CFCl3 case the reaction 
mixture needed room temperature for ~24h before 
significant amounts of 1 could be observed. In a 
scaled up experiment NO2BF4 (664mg, 5 mmol) was 
added to a Pyrex glass reactor, followed by ~10 ml of 
CFCl3, and HCN (5 mmol). The reaction was left at 25 
°C for 48 h, after which time most of the NO2BF4 
appeared unreacted. Fractional condensation (traps at -
63, -94, -126 and -196 °C) allowed for isolation of 1 
and CFCl3 in -126 °C trap. 

14N NMR (CFCl3, 
unlocked)  δ/ppm:  -64.2 (s, sharp, NCNO2), -171.9 (s, 
broad, NCNO2).  IR: ṽ = 2238 (w), 1580 (s), 1300 
(m), 890 (w) cm-1. Raman: ṽ = 2209 (s), 1298 (w) cm-

1.  
 

3.4. Computational Details  

The CBS-QB3(Montgomery et al. 1999, Montgomery 
et al. 2000) composite method was employed to treat 
various structures in the gas-phase. CBS-QB3 is based 
on CCSD(T) energies extrapolated to the basis set 
limit using MP2 and MP4 calculations together with 
empirical corrections, and is expected to be highly 
accurate for thermochemistry. Its mean absolute 
deviation in the G2 test set is reported to be 0.87 
kcal/mol.(Montgomery et al. 1999) Modeling of the 
NCNO2 – NO2

+/CN- potential energy surface in 
solution was performed using implicit consideration of 
acetonitrile solution through the PCM approach and a 
spin unrestricted broken symmetry DFT treatment, 
using the hybrid meta exchange-correlation density 
functional M06-2X and the 6-31+G(d) basis set, as 
implemented in  Gaussian 09, rev A02.(Frisch et al. 
2009) The M06-2X functional has been extensively 
tested in large test sets, and has a reported mean 
absolute energy deviation of 2.2(Goerigk and Grimme 
2011) kcal/mol. Nuclear magnetic shielding tensors 
for 1 were calculated in acetonitrile at the GIAO-
PCM-B3LYP/6-311++(3df,3pd) level. Rocket 
propellant performance was estimated using the 
thermochemical code RPA v.1.2.7, (Ponomarenko 

2012) assuming a combustion chamber pressure of 70 
atm, expansion to vacuum, and the ideal case of 
exhaust gasses in thermal equilibrium.  
 

5. CONCLUSIONS 

In conclusion, the existence of the elusive nitryl 
cyanide, NCNO2, molecule has been established 
beyond doubt. Vibrational and NMR spectroscopy 
indicate that the previously reported CNNO2 isomer 
actually was nitryl cyanide. The compound hold 
promise as a high energy density material and might 
also prove useful as a HEDM building block. Because 
the described approaches results in only low yields of 
1, improved methods are desired and are presently 
being investigated in our laboratory. Our findings 
towards this end include a more thorough 
investigation of the properties of the material and 
further mechanistic studies, which will be disclosed in 
the near future.  
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ABSTRACT 

This paper deals with the synthesis and energetic 
properties of metal salts of the 5-nitrotetrazole anion. 
5-aminotetrazole was used as a starting material for 
the synthesis of the 5-nitrotetrazole anion. This anion 
was paired with s-block metals yielding alkali and 
alkaline earth metal salts, which are devoid of highly 
toxic metals and are powerful and sensitive energetic 
materials. These compounds were characterized by 
analytical and spectroscopic methods and X-ray 
crystallography and their energetic properties were 
evaluated. The copper and silver salts of the 5-
nitrotetrazole anion were synthesized and are valuable 
transfer reagents of this anion. Raman experiments 
allowed us to gain insight into the laser induced 
initiation (LII) capability of the copper salt. However, 
both copper and silver salts of the 5-nitrotetrazole 
anion are very sensitive explosive materials and we 
synthesized the corresponding ethylendiamine 
adducts, which exhibit much lower sensitivities and 
allowed us to design an upscalable procedure for the 
synthesis of 5-aminotetrazolium 5-nitrotetrazole salts.  

1. INTRODUCTION 

Primary explosives are energetic materials in which 
detonation is easily initiated by a physical or 
electrical stimulus. The detonation shockwave 
generated by a primary explosive is typically used 
to initiate a larger amount of a less sensitive 
explosive material (secondary explosive). 
Therefore, primary explosives are used in small 
quantities in a wide range of explosive applications. 
Lead azide and styphnate are the most commonly 
used primary explosives. The harmful effects of 
lead on human health and the environment are well 
known and efforts are underway throughout the 
energetic materials community to develop new 
primary explosive materials and formulations free 
of toxic heavy metals and perchlorates. More 
extensive background information and details 
concerning some recent work in this area are 
presented in the introduction of reference 1. 

The authors of reference 1 investigated several 
coordination (iron and copper) complexes of the 5-
nitrotetrazolate (NT-) anion as potential 
replacements for lead-based primaries. We 
investigated some nitrogen rich salts of the same 
anion2 and were, in light of the promising properties 
of the transition metal complexes of 5-
nitrotetrazole, interested to see if the simple s-block 
metal salts of NT- might also show some desirable 
properties. In addition, many heterocycle-based 
salts of NT- have been investigated recently. 3-8 

Sodium 5-nitrotetrazolate dihydrate (2) was first 
synthesized by von Herz by treating the acid copper 
salt of 5-nitrotetrazole with excess sodium 
hydroxide.9 2 has subsequently served as the source 
of the 5-nitrotetrazole moiety in a large number of 
studies9-15. In addition, although many heavy metal 
salts of 5-nitrotetrazole have been thoroughly 
investigated, none of the other alkali metal salts of 
5-nitrotetrazole appear to have been particularly 
well-investigated prior to our work.10-12, 15-19 

The preparation of 5-nitrotetrazolate salts often 
involves handling highly sensitive species. Silver 5-
nitrotetrazolate (10) and copper(II) 5-nitrotetrazolate 
5-nitrotetrazole dihydrate (11) are two of these highly 
sensitive compounds. We envisioned 10 and 11 as 
useful NT– anion transfer reagents due to the high 
insolubility of silver halogenides and copper(II) 
oxide, respectively. The high sensitivities of 10 and 
11 would render up-scaling reactions unsafe, 
therefore, we synthesized the corresponding 
ethylendiamine adducts, which are unhazardous 
transfer reagents of the energetic NT– anion. 

2. RESULTS AND DISCUSSION 

2.1 Synthesis 

The alkali metal salts 1 – 5 were synthesized by two 
different methods both starting from 5-amino-1H-
tetrazole (A). Initially, the sodium salt (2) was 
synthesized by the improved von Herz method 
described by Gilligan et al.11, 12 This method 
(Method 1) is easily extended to obtain the other 
alkali metal salts in this study (1 and 3 – 5) as 
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shown in Scheme 1. However, we found that this 
method resulted in contaminated compounds with a 
high sensitivity. 

 
Scheme 1. Synthesis of 1–5 (M = Li (1, x = 3), Na (2, 
x = 2), K (3, x = 0), Rb (4, x = 0) and Cs (5, x = 0)). 

An alternative synthesis which avoids direct 
manipulation of the highly sensitive copper salt of 
5-nitrotetrazole, was sought (Scheme 2). 
Ammonium 5-nitrotetrazolate was treated with a 
suitable metal hydroxide/ carbonate in alcohol 
resulting in the formation of gaseous ammonia and / 
or carbon dioxide. This proved to be a useful 
protocol for the synthesis of the alkali as well as the 
alkaline earth metal salts of 5-nitrotetrazole. 

NH4
+
N

N N

N

NO2

Ma+ N

N N

N

NO2

M(OH)a or M2/aCO3

MeOH or EtOH
-NH3 (-H2O, -CO2) a

Compounds 1-9  

Scheme 2. General scheme for the synthesis of s-

block metal salts (a = charge of the cation).  

Silver 5-nitrotetrazolate (10) was prepared by 
precipitation from the sodium salt and silver nitrate in 
water. Copper(II) 5-nitrotetrazolate 5-nitrotetrazole 
dihydrate (11) was prepared as a turquoise highly 
insoluble powder from 5-amino-1H-tetrazole (5-At) 
according to ref. 1 Silver(ethylendiamine) 5-

nitrotetrazolate (12) and 
bis(ethylendiamine)copper(II) 5-nitrotetrazolate (13) 
were synthesized from NaNT by addition of an 
excess of ethylendiamine (en) in hot ethanol and 
subsequent reflux with silver nitrate and copper(II) 
chloride, respectively. 12 and 13 precipitated upon 
cooling as pale yellow and lilac solids (Scheme 3). 

Scheme 3 Synthesis of compounds 12 and 13 from 

sodium 5-nitrotetrazolate (NaNT). 

In addition, reaction between NaNT and copper(II) 
sulphate in ammonia led to the formation of a blue 
compound. Elemental analysis of this solid pointed at 
the formation of triaminocopper(II) 5-nitrotetrazolate 
(14, Scheme 4). 

 

Scheme 4 Synthesis of copper complex 14. 

The silver and the copper ethylendiamine complexes 
(12 and 13, respectively) are useful materials since 
they offer an alternative safer synthesis of tetrazolium 
5-nitrotetrazolate salts 15–19 (Scheme 5).

 

Scheme 5. Suggested up-scalable synthesis of tetrazolium 5-nitrotetrazolate salts. 

2.2 NMR and Vibrational Spectroscopy 

When possible, the salts of 5-nitrotetrazole were 
characterized by their NMR and vibrational spectra. 
The 1H NMR spectra in DMSO-d6 only show the 
corresponding signals for the solvation water at δ 
∼3.5 ppm. In the 13C NMR the resonance for the 
ring-carbon of the 5-nitrotetrazole anion is observed 
at δ ∼169 ppm, which is shifted to lower field as 
compared to the ring-carbon in metal salts of 
5-amino-1H-tetrazole21 and to higher field as 
compared to the ring-carbon in metal salts of the 
5,5´-azotetrazolate anion.22 The 13C shift of the ring 
carbon is also identical to that observed in other 

NT- containg salts.2-8 Due to the high symmetry of 
the anion three distinct 14N NMR resonances at δ 
∼+20 (N2, N3), -20 (NO2) and -60 (N1, N4) ppm 
are observed and are broad (ν1/2 ∼420, 60 and 400 
Hz, respectively). 

The Raman spectra (Table 1) of the salts of 5-
nitrotetrazole are dominated by three strong bands; 
one at ~1420 cm-1, one at 1060 cm-1 and 1030 cm-1 
and are observed as one strong and two medium 
bands at ca. 1420, 1050 and 1025 cm-1 in the IR 
spectra. In addition, the IR spectra are dominated 
by the nitro-group asymmetric stretching (∼1540 
cm-1), nitro-group and N1–C–N4 (out of phase) 
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symmetric stretching (∼1320 cm-1) and the nitro-
group and N1–C–N4 (in phase) deformation (∼840 
cm-1) modes. 

Table 1. Calculated (νcalc) and measured (νmeas) IR 
and Raman frequencies with assignment. 

 
 

νcalc  
(cm-1) a 

νmeas (cm
-1) b 

(IR / Raman) 
Mode Assignment c 

1 1538 1540 / 1540 νasymm(NO2) 
2 1396 1440 / n.o. νasymm(N1–C–N4) 
3 1383 1420 / 1420 “in phase” νsymm(NO2)  

+ νsymm(N1–C–N4) 
4 1294 1320 / 1320 “out of phase” νsymm(NO2)  

+ νsymm(N1–C–N4) 
5 1182 1170 / 1160 νasymm(ring) 
6 1163 1160 / n.o. “in phase” νsymm(ring)  

+ νsymm(NO2) 
7 1024 1050 / 1060 δ(N1–C–N4) +  

νsymm(NO2) “in phase” 
8 1018 1025 / 1030 δasymm(ring) 
9 821 840 / 840 “in phase” δ(NO2)  

+ δ(N1–C–N4) 
10 763 770 / 770 “out of phase” γ(NO2)  

+ γ(N1–C–N4) 
11 718 730 / 730 γ(ring) “in phase” 
12 664 675 / n.o. γ(ring) “out of phase” 
13 522 530 / 540 “out of phase” ω(NO2)  

+ ω(ring) 
14 439 470 / n.o. ν(C–N5) + δ(NO2) 
15 242 n.o. / 250 “in phase” ω(NO2)  

+ ω(ring) 
16 218 n.o. / 230 γ(N1–C–N4) 

a Calculated frequencies (B3LYP/aug-cc-pvTZ). b Measured 
frequencies, n.o. not observed. c ν = stretching, δ = in-plane 
bending, γ = out-of-plane bending, ω = in plane rocking. 

2.3 X-ray Crystal Structures 

The packing of compound 1 consists of cation-
anion pairs in which the anion chelates a five-
coordinate lithium center through O1 and N1 
(Figure 1) and the remaining coordination sites are 
filled by water molecules. These cation-anion pairs 
are joined to one another by a three-dimensional 
network composed of seven strong and medium 
strength, crystallographically independent O–H···O 
and O–H···N hydrogen bonds. All these participate 
in the formation of a variety of patterns which are 
best described using Bernstein’s graph-set 
formalism.23, 24 The one- and two-bond patterns 
observed are exclusively of dimeric nature with 
only simple D1,1(2) and D2,2(X) patterns, where X 
= 2, 4 or 5 found at the primary and secondary 
levels, respectively.  

 

Figure 1. A section of the packing of 1 showing the 

coordination (thin bonds) and selected hydrogen 

bonding (dashed bonds). 

Calcium 5-nitrotetrazolate (7) crystallizes as an 
hexahydrate with all six molecules of water around the 
coordination sphere of the metal atom and the seventh 
vacancy being occupied by coordination to one of the 
two anions forming a distorted pentagonal bipyramid 
(Figure 2). The coordination number around the metal 
center (CN = 7) is in agreement with a reported 
average value of 7.31 in calcium salts.25 Both NT– 
anions are crystallographically independent with just 
one of the anions coordinating to the metal center 
through one of the two NO2 groups oxygen atoms 
(Ca1−O1 = 2.554(1) Å) whereas the other one is loose 
and the next Ca2+ cation is placed at a distance of 
4.266(2) Å (Ca1−N10). The coordinating anion 
occupies one of the axial position forming an angle 
with the other oxygen atom in the axial position of 
O1−Ca1−O8 = 153.66(5)°. The water molecules are 
closely bound to the metal with Ca−O distances 
varying between 2.352(2) and 2.418(2) Å. The short 
contacts to the water molecules are in agreement with 
the high temperature of water loss observed in the 
DSC measurements. 

 

Figure 2. a) Asymmetric unit of 7 and b) simplified 

coordination around the Ca
2+
 cation. 

The unit cell of 7 is represented in Figure 3. The b-
axis is outstandingly long at 32.575(1) Å and there is 
extensive strong hydrogen bonding formed by the 
water molecules, with distances between donor and 
acceptor atoms in the range ∼2.8–3.0 Å. The fourteen 
hydrogen bonds found in the structure and that only 
describe D1,1(2) dimeric patterns at the unitary level, 
combine to yield mainly finite patterns with the labels 
D1,2(3), D2,1(3) and D2,2(X) (X = 4−7) but also 

a)

b)
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some C2,2(X) (X = 6, 8) chain networks (at the 
secondary level).26,27 

 

Figure 3. View of the unit cell of 7 along the c-axis. 

13
 forms violet crystals, which arrange in an 

orthorhombic cell in the space group Pbca and contain 
four molecules in the unit cell. Half of the molecule 
can be generated by symmetry (Figure 4a, symmetry 
code: (i) 1–x, –y, 1–z) and the copper atoms are 
surrounded by two ethylendiamine (en) moieties and 
two anions with a total coordination number of six. 
The en ligands are disposed in an envelope-type 
conformation with the central copper atom with C3 
and C2 pointing upwards and downwards, 
respectively. The two ligands sit on the equatorial 
plane with distances ~2.02 Å to the metal, whereas the 
two anions with a distance of 2.578(1) Å to the central 
atom occupy the axial positions (Figure 4b). The 
geometry around the copper atom is that of a slightly 
distorted octahedron with little Jahn-Teller effect due 
to the high symmetry of the molecule (N1−Cu−N1i = 
N6−Cu−N6i = N7−Cu−N7i ~180°). The geometry of 
the coordination around the metal centre is 
summarized in Table 2. The maximum variations in 
the angles are found in the equatorial plane where the 
angles are between 84.6(1) and 95.4(1)°, whereas the 
axial nitrogen (N1) forms angles between 88.8 and 
91.2° with this plane. The distances for the 
coordination of the en ligands to the copper atoms are 
comparable to those found in copper salts of N,N,-bis-
(1H-tetrazol-5-yl)-amine with amine ligands,26 
whereas those for the 5-nitrotetrazolate ring are 
between common single and double bonds27 indicating 
delocalization of the negative charge. 

 

Figure 4 a) Asymmetric unit and b) simplified 

coordination around the copper atoms in 13. 
 

Figure 5 shows a view of the unit cell in 13. One host 
copper atom is found at each corner and in each face 
(Z = 1/8

.8 + 1/2
.6 = 4) forming a face centered cubic 

(FCC) unit cell and the axial axis of the octahedrons 
are oriented (alternating along c) in two different 
directions cutting the b axis at angles of 27.13(3)° and 

–47.31(2)°. The two amino groups in the ligands 
participate in the formation of medium to weak 
hydrogen bonds with the nitrotetrazolate ring nitrogen 
atoms and the nitro-group oxygen atoms, which link 
the octahedrons formed by the coordination around the 
copper atoms together. Figure 3a shows the hydrogen-
bonding in the structure of the compound. Both amino 
groups in the ligand (N6H2 and N7H2) participate in 
the formation of three hydrogen bonds so that in total 
six different (weak) hydrogen bonds are found in the 
structure. The NT– anions interact via hydrogen-
bonding by using all nitrogen atoms but N5,28 N1 
(involved in coordination to the copper cations) and 
N2. The next atom to N2 is the hydrogen atom 
labelled as H6A (attached to N6) placed at 2.86(2) Å, 
whereas the rest of the interactions have distances 
between the hydrogen and the acceptor atoms below 
2.6 Å (sum of the van der Waals radii: rH + rN = 2.75 Å 
and rH + rO = 2.72 Å).

29  

Figure 5 a) Hydrogen-bonding in the structure of 

13 b) View of an R4,4(10) graph set. 

2.4 Energetic Properties 

In order to assess the energetic properties of all 
compounds, the thermal stability (melting and 
decomposition points from DSC measurements), 
sensitivity to friction, impact, and thermal shock of 
each salt was experimentally assessed. 

DSC measurements on the alkali metal salts show 
melting points, which are generally close to the 
decomposition temperatures. Compounds 1 and 2 
show a highly exothermic decomposition without 
any melting, 3 shows a small melting endotherm 
prior to decomposition and 4 and 5 have distinct 
melting points. Aside from 1, which decomposes at 
∼270 °C, the remaining of the alkali metal salts in 
this study decompose/explode at ∼200 °C (Table 1). 
In comparison to common initators such as 
lead(II)azide (Tdec = 315 ºC) and lead(II) styphnate 
(Tdec = 282 ºC) compounds 1 – 5 show lower 
decomposition points.1, 30 In addition to DSC 
analysis, all compounds were tested by placing a 
small sample (∼0.5-1 mg) of compound in the 
flame. In all cases this resulted in a loud explosion 
(both lead(II)azide and styphnate explode under 
similar conditions). The presence of crystal water in 
compounds 1 and 2 results in relatively insensitive 
compounds (i >320 J and f >25 J) whereas the 
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anhydrous species 3 – 5 are very sensitive to both 
friction (<5 N = lowest setting) and impact (5–10 

J).  

Table 1. Physical, chemical and energetic properties of compounds 1 – 5. 

a Impact and friction sensitivities determined by standard BAM methods (see reference 28). b Nitrogen content. c Combined 
nitrogen and oxygen content. d Oxygen balance. e,f Melting and decomposition points (DSC onset) from measurement with β 
= 2 (4 and 5) or 5 (1 – 3) ºC min-1. g Experimentally determined density (from X-ray). 
 

Comparison of the sensitivity of the alkali metal 
salts with those of common explosives is useful to 
assess the energetic materials in this study. 1 and 2 
are less sensitive to impact than the secondary 
explosive TNT (i = 15 J) and have similar friction 
sensitivities to TNT (f = 355 N).29 Salts 3 – 5 show 
primary explosive properties and have similar 
sensitivity to both impact and friction as Pb(N3)2 (i 
= 3.0-6.5 J, f = 0.1-1.0 N for technical grade 
material).1, 29 In addition, the compounds in this 
study are significantly more sensitive to friction and 
impact than nitrogen-rich salts containing the NT- 
anion,2, 4, 5 alkali metal salts of 5-amino-1H-
tetrazole,21 and 5-nitroimino-1,4-H-tetrazole31, 32 but 
are less sensitive than the analogous salts of 5-
azido-1H-tetrazole.33, 34 These observations are in 

keeping with previously observed sensitivity trends 
in salts of 5-substituted tetrazoles (N3 > NO2 >> 
NH−NO2 > NH2).

35   

The crystal water in the alkaline earth metal salts is 
more tightly bound than for the analogous alkali metal 
salts described above. This is lost at temperatures in 
the range 100–130 °C (DSC onsets). All alkaline earth 
metal salts only show a highly exothermic 
decomposition with concomitant melting and 
decompose/explode at temperatures in the range 
180−235 °C (Table 2). Again, all alkaline earth metal 
sals show lower melting and decomposition points, 
than for example Pb(N3)2 and AgN3. In the flame test, 
all four compounds exploded loudly.  

Table 2. Physico-chemical properties of alkaline earth metal salts of 5-nitro-2H-tetrazole. 

 6 7 8 9 

Formula C2H12N10O10Mg C2H12N10O10Ca C2H10N10O9Sr C2H10N10O9Ba 
MW (g mol–1) 360.48 376.26 405.78 455.49 
Impact (J) a ≥40 35 15 2.5–5 
Friction (N) a 240 84 48 <20 
Electrostatics b 

− − − − 
Flame Explodes Explodes Explodes Explodes 
N (%) c 38.9 37.2 34.5 30.8 
N+O (%) d 83.4 79.7 70.0 62.3 
Ω (%) e –4.4 –4.2 –3.9 –3.5 
m.p. (°C) f 119 (–H2O) 120 (–H2O) 104 (–H2O) 129 (–H2O) 
Dec. (°C) g 195 180 210 235 

a Impact and friction sensitivities determined by standard BAM methods; b Rough sensitivity to 20 kV electrostatic discharge (ESD 
testing): + sensitive, − insensitive; c Nitrogen content. d Combined nitrogen and oxygen content. e Oxygen balance. f,g Melting (or 
temperature of water loss) and decomposition points (DSC onset) from measurement with β = 5 ºC min–1. 

The presence of crystal water in compounds 6–9 
results in less sensitive compounds than the 
analogous anhydrous salts with alkali metals. Both 
impact and friction sensitivity of compounds 6–9 
correlate well with the size of the cation. The 
sensitivity increases in the direction Mg < Ca < Sr < 
Ba, this is, with the heavy metal character of the 
cation. Note also the higher sensitivities of the 
strontium and barium salts (containing five molecules 
of crystal water) in comparison to the hexahydrated 

magnesium and calcium salts. The sensitivity of the 
barium salt (9) towards impact (2.5–5.0 J) is perfectly 
comparable to that of lead-based primary explosives 
such as lead azide (2.5–4.0 J) or lead styphnate (2.5–
5.0 J), however, the compound is less prone to 
detonation by a friction stimulus with a sensitivity 
value (<20 N) approximately two times lower than 
that of lead styphnate (9 N). On the other extreme, the 
magnesium salt (6) is less sensitive to impact (≥40 J) 
than secondary explosives such as TNT (15 J) and its 

 1 2 3 4 5 

Formula CH6N5O5Li CH4N5O4Na CN5O2K CN5O2Rb CN5O2Cs 
MW (g mol-1) 175.05 173.08 153.16 199.53 246.91 
Impact (J) a 25 >30 10 5 10 
Friction (N) a 324 ∼360 <5 <5 <5 
Flame Explodes Explodes Explodes Explodes Explodes 
N (%) b 40.0 40.5 45.7 35.1 28.4 
N+O (%) c 85.7 77.5 66.6 51.2 41.3 
Ω (%) d -9.1 -9.2 -10.4 -8.0 -6.5 
m.p. (°C) e 69 (-H2O) 75 (-H2O) 168 146 158 
Dec. (°C) f 270 200 195 192 194 
ρ (g cm-3) g 1.608 1.731 2.033 2.489 2.986 
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friction sensitivity (240 N) is half way between that 
of TNT (353 N) and that of RDX (120 N). In the 
electrostatic discharge sensitivity tests, all four 
compounds failed to explode. Note that, the attempted 
dehydration of the hydrated species under vacuum, at 
elevated temperature or over P4O10 was not 
successful, however it is apparently possible to 
dehydrate these species upon removal of solvents 
resulting in very sensitive compounds. 

The transition metal salts show no melting points and 
high thermal stabilities above 210 ºC (Table 3), which 
are above those values for nitrogen-rich salts with the 
same anion.2 In the flame, all transition metal salts 
tested resulted in a loud explosion similarly to 
commonly used primary explosives such as AgN3 and 
Pb(N3)2. The sensitivity towards electrostatic 
discharge seems to correlate well with the sensitivity 
towards friction and the most friction sensitive 
compounds 10 and 11 gave a positive test whereas the 
en adducts (12 and 13) and the copper complex 5 
failed to explode. From these results it seems like the 
en adducts (12 and 13) are safer to handle than the 

“pure” 5-nitrotetrazolate salts (10 and 11), which puts 
into perspective their potential as NT– anion transfer 
reagents (see discussion above and experimental 
part). Note that, interestingly, compound 14 can be 
easily initiated by impact, similar to lead azide (both 
~2 J)30 but is much less sensitive to friction, which 
has lead to many accidental explosions associated 
with the use of lead azide in the past. In addition, a 
radiation of ~300 mW can be used to detonate 
compound 14 (copper salt 11 also explodes under 
these conditions). Lastly, from the sensitivity values 
reported here it can be derived that 10 and 11 fall 
under the category of primary explosives, i.e., they 
can easily be initiated by impact, friction or heat. On 
the other hand, 12 is safe for transport under the UN 
Recommendations on the Transport of Dangerous 
Goods,36 whereas the diethylenamine adduct 13 is 
much less sensitive to impact and friction than copper 
salt 11. Also compound 14 can easily be initiated by 
impact and an X-ray beam and therefore, this material 
has potential as a safer and more environmentally-
friendly alternative to lead-based salts in initiating 
systems. 

Table 3 Physical properties and initial safety testing of the NT transition metal salts.  
 10 11 12 13 14 

Formula CN5O2Ag C3H5N15O8Cu C3H8N7O2Ag C6H16N14O4Cu C2H9N13O4Cu 
MW 221.91 441.47 282.01 411.83 342.02 

Tm (ºC)
a – – – – – 

Tdec (ºC)
b 273 230 212 225 245 

N (%)c 31.56 51.66 34.77 47.62 53.22 
Ω (%)d –7.2 –5.9 –51.1 –66.0 –25.7 

Impact (J)e <1 <3 >40 <7 <2 
Friction (N)e <5 <5 <240 <252 <18 
ESD (+/–)f + + – – – 

Thermal Shock Explodes Explodes Explodes Explodes Explodes 
a,b Melting and decomposition points (DSC onset) from measurement with β = 5 ºC min–1 c Nitrogen content. d Oxygen balance. e 
Impact and friction sensitivities determined by BAM methods. f Rough sensitivity to 20 kV electrostatic discharge (ESD), + 
sensitive, – insensitive. 
 

4. CONCLUSIONS 

Alkali, alkaline earth and transition metal salts with 
the energetic 5-nitrotetrazolate anion were 
synthesized and characterized. Whenever possible, 
we measured the X-ray crystal structure at low 
temperature. DSC analysis show good thermal 
stabilities for all compounds. Standard tests were 
used to assess the sensitivity of the materials to 
classical stimuli. Many of the alkali and alkaline 
earth metal salts were isolated as hydrated species 
with relatively low sensitivities. However, this 
solvent water might be lost resulting in extremely 
sensitive compounds. It follows that the solvent-
free salts 3-5, 10, 11 and 14 are compounds with 
sensitivity values comparable to commonly used 
primary explosives. These compounds, devoid of a 
toxic metal (eg., lead in the case of lead azide) 
might be of interest as less toxic or non-toxic 
initiators. Compounds 10 and 11 although very 
useful as transfer reagents of the 5-nitrotetrazolate 
anion, are very sensitive. We prepared two adducts 
with ethylendiamine (compounds 3 and 4) and we 
demostrated that they can be very useful starting 
materials for the synthesis of NT salts. Lastly, we 

prepared the copper salt 14 containing amino 
ligands, which can be initiated by laser irradiation 

 

and offers a safer and more environmentally 
friendly alternative to commonly used primaries. 

4. EXPERIMENTAL SECTION 

4.1 Cautionary Note  

Most of the compounds studied herein are very 
sensitive energetic materials and should only be 
synthesized and manipulated on a small scale using 
proper safety equipment including but not limited to 
thick leather or Kevlar gloves, leather or Kevlar jackets, 
face shields and blast screens, ear plugs and plastic or 
Teflon laboratory equipment. Although, the hydrated 5-
nitrotetrazole salts described here are generally less 
sensitive than the anhydrous materials, proper care must 
be taken since these compounds might loose the 
crystallization water becoming extremely sensitive and 
exploding spontaneously.  

4.2 Synthesis 
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Lithium 5-nitrotetrazolate trihydrate (1). Method 
2. Neat lithium hydroxide (0.066 g, 2.76 mmol) was 
added to a solution of ammonium 5-nitrotetrazolate 
hemihydrate (0.39 g, 2.76 mmol) in 10 mL (wet) 
methanol under a stream of nitrogen. The initial 
suspension turned into a clear solution upon 
heating, which was stirred over 18 hours at reflux 
(ammonia gas was evolved). At this point the 
solution was filtered hot under vacuum and the 
solvent was stripped using a rotatory evaporator 
yielding 1 as the trihydrated species. No further 
purification was necessary (0.45 g, 93%). Crystals 
of the compound suitable for X-ray analysis were 
obtained by slow evaporation of an ethylacetate 
solution of 1. Found: C, 6.7; H, 3.6; N, 39.7; Li, 
4.0. CH6N5O5Li requires C, 6.9; H, 3.5; N, 40.0; Li, 

4.0%; Raman v~ /cm−1 3300-3000(2) 1545(10) 
1508(4) 1466(7) 1429(100) 1328(8) 1191(5) 
1162(5) 1086(47) 1058(32) 839(6) 776(4) 544(3) 
449(3) and 243(3); IR νmax(KBr)/cm

-1 3341vs, 
2867w, 2752w, 2484w, 2087w, 1666m, 1559vs, 
1506m, 1468s, 1431s, 1405m, 1384m, 1327s, 
1190m, 1161m, 1082w, 1057w, 1040m, 841s, 702s, 
662s and 519s; δH(DMSO-d6, 400.18 MHz, TMS) 
3.51 (s, H2O); δC(DMSO-d6, 100.63 MHz, TMS) 
169.2 (C-NO2); δ14N(DMSO-d6, 28.89 MHz, TMS) 
+20 (2 N, ν½ ∼430 Hz, N2/3), -23 (1 N, ν½ ∼60 Hz, 
NO2), -67 (2 N, ν½ ∼400 Hz, N1/4). 

Sodium 5-nitrotetrazolate dihydrate (2). Method 
1.11, 12 13.70 g (198.6 mmol) sodium nitrite and 7.24 
g (29.0 mmol) copper(II) sulfate pentahydrate were 
dissolved in 40 mL water in a plastic beaker and 
cooled in a water/ice bath. A solution of 5.60 g 
(65.8 mmol) 5-amino-1H-tetrazole, a pinch of 
copper(II) sulfate pentahydrate and 3.6 mL (68.0 
mmol) concentrated sulfuric acid in 80 mL water 
was added slowly via a dropping funnel under 
vigorous stirring. The dropping funnel was rinsed 
with a solution of 2.8 mL (53.0 mmol) concentrated 
sulfuric acid in 10 mL water. After 30 min. reaction 
time the precipitated acid copper salt of 5-
nitrotetrazole, was carefully vacuum filtered, 
washed with a solution of 1.6 mL (30.0 mmol) of 
concentrated sulfuric acid in 32 mL water and 
thereafter with 32 mL water. The wet cake was 
carefully transferred to a plastic beaker containing 
80 mL water and treated with 20% sodium 
hydroxide solution until pH >9, as determined by 
universal indicator paper. The slurry was heated to 
70 °C for 1.5 hours and the brown/black precipitate 
(CuO) was filtrated hot through wet celite. The pH 
of the yellow filtrate was adjusted with diluted 
sulfuric acid to 3-4 giving a slightly green solution. 
The solvent was then carefully stripped under 
vacuum (20 mbar) at 60 °C. The yellow solid 
residue obtained was continuously extracted using a 
Soxhlet apparatus with 50 mL acetone for 3 hours 
yielding a slightly yellow acetone solution. The 
solution was cooled to -78 °C resulting in the 
precipitation of an off-white powder which was 
vacuum-filtered and washed with diethyl ether 
yielding 3.51 g of 2. The remaining acetone 

solution was transferred to a plastic beaker and left 
to evaporate, yielding large crystals (suitable for X-
ray analysis), which were washed with a little cold 
acetone and then diethyl ether. 2.70 g of additional 
pure material was thus obtained. Both crops of 
material proved to be pure by elemental analysis 
and confirmed that 2 is isolated as the dihydrated 
species (total yield: 6.21 g, 55%). Found: C, 7.1; H, 
2.3; N, 40.4; Na, 13.2. CH4N5O4Na requires C, 6.9; 

H, 2.3; N, 40.5; Na, 13.3%; Raman v~ /cm−1 3300-
2900(2) 1555(12) 1452(7) 1419(100) 1321(6) 
1173(4) 1068(62) 1053(24) 842(7) 774(5) 543(4) 
456(3) 262(3) 150(4); IR νmax(KBr)/cm

-1 3417s, 
2862w, 2732w, 2468w, 2099w, 1690m, 1548vs, 
1508w, 1474m, 1454s, 1421s, 1376w, 1321s, 
1193m, 1172m, 1066m, 1041m, 841s, 665m, 602m 
and 539m; δH(DMSO-d6, 400.18 MHz, TMS) 3.50 
(s, H2O); δC(DMSO-d6, 100.63 MHz, TMS) 169.2 
(C-NO2); δ14N(DMSO-d6, 28.89 MHz, TMS) +21 (2 
N, ν½ ∼430 Hz, N2/3), -23 (1 N, ν½ ∼60 Hz, NO2), -
60 (2 N, ν½ ∼380 Hz, N1/4); δ15N(DMSO-d6, 28.89 
MHz, TMS) +14 (2 N, s, N2/3), -25 (1 N, s, NO2), -
66 (2 N, s, N1/4). 

Potassium 5-nitrotetrazolate (3). Method 2. 
Alternatively, 3 was synthesized according to 
Method 2 as described for compound 1 from 0.22 g 
(1.59 mmol) ammonium 5-nitrotetrazolate 
hemihydrate and 0.09 g (1.59 mmol) potassium 
hydroxide. Due to the high sensitivity of the 
compound the solvent (methanol) was left to slowly 
evaporate in a plastic beaker (0.24 g, quant. yield). 
Single crystals of the potassium salt were obtained 
by slow evaporation of a concentrated solution of 
the compound in acetone. Found: K, 25.3. CN5O2K 

requires K, 25.5%; Raman v~ /cm−1 1747(1) 1534(9) 
1450(2) 1419(100) 1174(3) 1051(20) 1028(52) 
843(6) 774(5) 543(2) 260(1) 150(5); IR 
νmax(KBr)/cm

-1 2691w, 2411w, 1991w, 1833w, 
1586w, 1527s, 1483m, 1441s, 1435s, 1429s, 1404s, 
1340w, 1307s, 1163m, 1152w, 1108vs, 1039w, 
1020w, 997m, 836s, 757m, 723s, 691s, 668m, 
524vs and 457w; δC(DMSO-d6, 100.63 MHz, TMS) 
169.0 (C-NO2); δ14N(DMSO-d6, 28.89 MHz, TMS) 
+20 (2 N, ν½ ∼430 Hz, N2/3), -21 (1 N, ν½ ∼60 Hz, 
NO2), -66 (2 N, ν½ ∼400 Hz, N1/4). 

Rubidium 5-nitrotetrazolate (4). Method 2. 
Ammonium 5-nitrotetrazolate hemihydrate (0.27 g, 
1.94 mmol) was dissolved in 10 mL ethanol and 
reacted with rubidium carbonate (0.22 g, 0.97 
mmol) at reflux for 2 days and under exclusion of 
air. The white insoluble material (rubidium 
carbonate) was filtered hot and discarded. The 
product crystallized on slow cooling to room 
temperature and the yield could be increased by 
cooling the mother liquors further. 4 was carefully 
gravity-filtered and washed with cold ethanol and 
ether (0.23 g, 59%). Suitable crystals for X-ray 
crystal structure analysis were obtained from 
cooling the mother liquors in a refrigerator. Found: 
Rb, 42.5. CN5O2Rb requires Rb, 42.8%; Raman 
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v~ /cm−1 1546(7) 1418(100) 1319(4) 1161(3) 
1052(42) 1027(34) 842(6) 773(3) 542(3) 253(4) 
156(3); IR νmax(KBr)/cm

-1 2854w, 2442w, 2025w, 
1546s, 1507w, 1444s, 1417s, 1316s, 1171m, 
1159m, 1108w, 1050m, 1025m, 838s, 668m and 
528w; δC(DMSO-d6, 100.63 MHz, TMS) 168.9 (C-
NO2); δ14N(DMSO-d6, 28.89 MHz, TMS) +20 (2 N, 
ν½ ∼430 Hz, N2/3), -22 (1 N, ν½ ∼50 Hz, NO2), -64 
(2 N, ν½ ∼400 Hz, N1/4). 

Cesium 5-nitrotetrazolate (5). Method 2. 
Ammonium 5-nitrotetrazolate hemihydrate (0.25 g, 
1.77 mmol) was dissolved in 10 mL ethanol before 
cesium carbonate (0.29 g, 0.88 mmol) was added to 
it to form a suspension. After 24 hours reaction 
time at reflux the reaction mixture formed a 
solution and the insoluble powdery material 
(cesium carbonate) was filtered when the solution 
was still hot and discarded. 5 precipitates 
immediately out of the hot reaction mixture when 
left to cool slowly to room temperature as feathery 
crystals, which were used to determine the crystal 
structure. The solvent was left to evaporate slowly 
at room temperature and the residue was carefully 
recrystallized from the minimum amount of hot 
ethanol (0.38 g, 87%). Found: Cs, 53.6. CN5O2Cs 

requires Cs, 53.8%; Raman v~ /cm−1 1530(16) 
1419(100) 1316(11) 1056(51) 1031(28) 840(13) 
733(10) 535(10) 230(9); IR νmax(KBr)/cm

-1 2723w, 
2444w, 2055w, 1847w, 1633m, 1528s, 1505m, 
1420s, 1384s, 1314s, 1170m, 1151m, 1105m, 
1054m, 1030m, 1022w, 876w, 840s, 774w, 730w, 
676m, 615w, 559w and 467w; δC(DMSO-d6, 100.63 
MHz, TMS) 168.7 (C-NO2); δ14N(DMSO-d6, 28.89 
MHz, TMS) +21 (2 N, ν½ = 410 Hz, N2/3), -22 (1 
N, ν½ = 60 Hz, NO2), -62 (2 N, ν½ = 380 Hz, N1/4). 

Ammonium 5-Nitrotetrazolate (ANT): ANT was 
synthesized according to a previously published 
procedure37 from 5-amino-1H-tetrazole in an overall 
52% yield. CH4N6O2 (132.04): calc. C 9.09, H 3.05, N 
63.63; found C 8.97, H 3.06, N 63.41. 

Magnesium 5-Nitrotetrazolate Hexahydrate (6): 
Ammonium 5-nitrotetrazolate (0.314 g, 2.38 mmol) 
was dissolved in 10 mL water and reacted with 
magnesium hydroxide (0.069 g, 1.19 mmol). The 
reaction mixture was heated to reflux overnight and 
the initial suspension turned into a clear solution with 
a small amount of insoluble solid. The solution was 
filtered hot through a folded paper and the solvent was 
left to slowly evaporate to dryness in a plastic beaker. 
After this, the dry solid was carefully scratched out 
(plastic spatula!!) of the beaker and weighed (0.411 g, 
96%). The elemental analysis matches with that of the 
compound containing six molecules of crystal water. 
C2H12N10O10Mg (360.48): calc. C 6.66, H 3.36, N 
38.85; found C 6.49, H 3.36, N 38.73; 1H NMR 
(DMSO-d6, 400.18 MHz, 25 °C, TMS) δ/ppm: 3.53 (s, 
H2O); 

13C{1H} NMR (DMSO-d6, 100.63 MHz, 25 °C, 
TMS) δ/ppm: 168.8 (C–NO2); 

14N NMR (DMSO-d6, 
28.89 MHz, 25 °C, TMS) δ/ppm: +23 (2N, ν½ ∼415 
Hz, N3/4), –23 (1N, ν½ ∼65 Hz, NO2), –61 (2N, ν½ 

∼400 Hz, N2/5); Raman v~  / cm−1 (rel. int.): 1545(10) 
1424(100) 1321(7) 1179(5) 1066(52) 1057(31) 
1028(22) 842(8) 817(2) 775(4) 627(2) 543(5) 455(3) 

251(5); IR v~  / cm–1 (KBr, rel. int.): 3633(s) 3588(s) 
3546(s) 3379(s) 2852(w) 2739(w) 2476(w) 2242(w) 
2104(w) 1873(w) 1662(w) 1543(s) 1507(w) 1452(s) 
1427(s) 1384(w) 1321(s) 1189(w) 1178(w) 1070(w) 
1060(m) 1040(m) 843(m) 671(m). 

Calcium 5-Nitrotetrazolate Hexahydrate (7): 
Compound 7 was synthesized as described for salt 6 
using calcium hydroxide (0.072 g, 0.97 mmol) and 
anhydrous ammonium 5-nitrotetrazolate (0.257 g, 1.95 
mmol). Yield: 0.377 g, 93%. Crystals of 2c grown 
from ethylacetate. C2H12N10O10Ca (376.26): calc. C 
6.38, H 3.21, N 37.23; found C 6.50, H 3.19, N 36.94; 
1H NMR (DMSO-d6, 400.18 MHz, 25 °C, TMS) 
δ/ppm: 3.43 (s, H2O); 

13C{1H} NMR (DMSO-d6, 
100.63 MHz, 25 °C, TMS) δ/ppm: 169.2 (C–NO2); 
14N NMR (DMSO-d6, 28.89 MHz, 25 °C, TMS) 
δ/ppm: +20 (2N, ν½ ∼410 Hz, N3/4), –22 (1N, ν½ ∼60 

Hz, NO2), –65 (2N, ν½ ∼390 Hz, N2/5); Raman v~  / 
cm−1 (rel. int.): 1550(14) 1426(100) 1323(10) 1195(8) 
1070(38) 1062(52) 1038(13) 842(12) 774(8) 547(7) 

460(7) 266(8); IR v~  / cm–1 (KBr, rel. int.): 3407(vs) 
2480(w) 2237(w) 1643(m) 1549(vs) 1507(w) 1448(s) 
1426(s) 1322(s) 1189(w) 1062(m) 1037(m) 842(s) 
669(m) 594(m). 

Strontium 5-Nitrotetrazolate Pentahydrate (8): 
Compound 8 was synthesized as described for salt 6 
using ammonium 5-nitrotetrazolate (0.265 g, 2.01 
mmol) and strontium hydroxide octahydrate (0.267 g, 
1.00 mmol). Yield: 0.487 g, 95%. C2H10N10O9Sr 
(405.78): calc. C 5.92, H 2.48, N 34.52; found C 6.13, 
H 2.55, N 34.76; 1H NMR (DMSO-d6, 400.18 MHz, 
25 °C, TMS) δ/ppm: 3.37 (s, H2O); 

13C{1H} NMR 
(DMSO-d6, 100.63 MHz, 25 °C, TMS) δ/ppm: 169.3 
(C–NO2); 

14N NMR (DMSO-d6, 28.89 MHz, 25 °C, 
TMS) δ/ppm: +21 (2N, ν½ ∼420 Hz, N3/4), –22 (1N, 
ν½ ∼60 Hz, NO2), –63 (2N, ν½ ∼400 Hz, N2/5); Raman 

v~  / cm−1 (rel. int.): 3400–2800(2) 1554(11) 
1432(100) 1325(13) 1064(48) 1039(37) 848(16) 

774(4) 551(5) 278(3); IR v~  / cm–1 (KBr, rel. int.): 
3421(s) 2856(w) 2465(w) 2067(w) 1883(w) 1630(m) 
1548(vs) 1505(m) 1471(s) 1454(s) 1426(s) 1322(s) 
1183(m) 1062(m) 1033(w) 846(s) 665(m) 569(s). 

Barium 5-Nitrotetrazolate Pentahydrate (9): 
Compound 9 was synthesized as described for salt 6 
using barium hydroxide octahydrate (0.167 g, 0.53 
mmol) and ammonium 5-nitrotetrazolate (0.140 g, 
1.06 mmol). Yield: 0.179 g, 93%. C2H10N10O9Ba 
(455.49): calc. C 5.27, H 2.21, N 30.75; found C 5.47, 
H 2.33, N 30.53; 1H NMR (DMSO-d6, 400.18 MHz, 
25 °C, TMS) δ/ppm: 3.33 (s, H2O); 

13C{1H} NMR 
(DMSO-d6, 100.63 MHz, 25 °C, TMS) δ/ppm: 168.7 
(C–NO2); 

14N NMR (DMSO-d6, 28.89 MHz, 25 °C, 
TMS) δ/ppm: +20 (2N, ν½ ∼420 Hz, N3/4), –22 (1N, 
ν½ ∼60 Hz, NO2), –64 (2N, ν½ ∼390 Hz, N2/5); Raman 

v~  / cm−1 (rel. int.): 3300–2900(2) 1544(10) 
1425(100) 1322(9) 1173(2) 1061(47) 1038(35) 845(8) 
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774(6) 546(5) 410(3) 251(3) 147(3); IR v~  / cm–1 
(KBr, rel. int.): 3221(vs) 2962(s) 2923(s) 2849(m) 
2739(w) 2456(w) 2190(w) 2058(w) 1876(w) 1686(vs) 
1629(s) 1546(vs) 1504(m) 1451(s) 1424(s) 1378(m) 
1319(s) 1179(s) 1152(m) 1129(m) 1060(s) 1033(m) 
951(s) 884(vs) 845(m) 772(m) 665(m) 638(m) 
534(m). 

Silver 5-nitrotetrazolate (10): 1 (0.173 g, 1.00 
mmol)9 was dissolved in 10 mL water and a small 
excess of silver nitrate was added portion-wise (0.187 
g, 1.10 mmol) causing the precipitation of a white 
powder. The reaction mixture was carefully (!!) 
stirred for 30 minutes under the exclusion of light and 
the insoluble solid was filtered off, washed with water 
and left to air-dry (0.212 g, 95%). CN5O2Ag (221.91 
g mol–1, calc./found): C 5.41 / 5.22, H – / 0.04, N 

31.56 / 31.42, Ag 48.61 / 48.25%; Raman v~  / cm−1
 

(rel. int.): 1567(5) 1432(100) 1414(50) 1330(21) 
1203(32) 1089(34) 1070(58) 1017(12) 837(18) 

738(2) 545(9) 256(2) 168(7); IR v~  / cm–1 (KBr, rel. 
int.): 1648(w) 1537(vs) 1508(w) 1446(m) 1422(s) 
1384(m) 1319(m) 1187(w) 1170(w) 1060(w) 1050(w) 
1035(w) 841(m) 669(w) 476(w). 

Copper(II) 5-nitrotetrazolate 5-nitrotetrazole 

dihydrate (11): a small amount of 2 was isolated 
during the synthesis of sodium 5-nitrotetrazolate 
dihydrate18 and carefully (!!) analyzed. C3H5N15O8Cu 
(441.97 g mol–1, calc./found): C 8.14 / 7.91, H 1.14 / 

1.29, N 47.52 / 47.41, Cu 14.24 / 13.88%; Raman v~  / 
cm−1 (rel. int.): 3063(2) 2822(26) 1885(30) 1871(33) 

1435(100) 1130(56) 776(44) 420(46); IR v~  / cm–1 
(KBr, rel. int.): 3565(s) 3478(m) 1614(w) 1565(vs) 
1445(m) 1435(m) 1384(m) 1328(m) 1236(w) 1065(w) 
842(s) 664(w) 565(w) 475(w).  

Silver(ethylendiamine) 5-nitrotetrazolate (12): 
Sodium 5-nitrotetrazolate dihydrate (0.173 g, 1.00 
mmol) was dissolved in 5 mL ethanol and a solution 
of ethylendiamine (0.085 g, 1.41 mmol) in 2 mL 
ethanol were added at 60°C. The solution was heated 
to boiling and a saturated solution of silver nitrate 
(0.170 g, 1.00 mmol) in 10 mL hot ethanol was added 
slowly. The solution turned brown immediately and it 
was stirred at reflux for 2.5 hours. After this time, the 
brown precipitate formed was filtered and discarded 
yielding a clear colourless solution from which 
crystals separated out on cooling (0.221 g, 78%). 
C3H8N7O2Ag (282.01 g mol–1, calc./found): C 12.78 / 
12.68, H 2.86 / 2.77, N 34.77 / 34.59, Ag 38.25 / 
37.91%; 1H NMR (DMSO-d6, 400.18 MHz, 25°C, 
TMS) δ/ppm: 3.4 (s, 4H, NH2), 2.7 (s, 4H, CH2); 
13C{1H} NMR (DMSO-d6, 100.63 MHz, 25°C, TMS) 
δ/ppm: 168.4 (1C, C-NT), 43.3 (2C, CH2); 

14N{1H} 
NMR (DMSO-d6, 40.55 MHz, 25 °C, MeNO2) 
δ/ppm: +19 (2N, ν½ ∼420 Hz, N2/3), –21 (1N, ν½ ∼60 

Hz, NO2), –62 (2N, ν½ ∼400 Hz, N1/4); Raman v~  / 
cm−1

 

(rel. int.): 3284(3) 2986(36) 2946(5) 2877(1) 
1600(3) 1534(7) 1453(6) 1444(6) 1407(100) 1371(7) 
1309(5) 1239(4) 1161(5) 1121(3) 1069(5) 1050(36) 
1029(43) 1003(5) 845(5) 832(9) 769(2) 537(3) 449(3) 

262(3) 239(5); IR v~  / cm–1 (KBr, rel. int.): 3427(s) 
3308(s) 1587(m) 1543(s) 1484(m) 1444(m) 1419(m) 
1384(m) 1318(m) 1172(w) 1078(w) 1001(w) 840(m) 
670(w) 522(w). 

Bis(ethylendiamine)copper(II) 5-nitrotetrazolate 

(13): Sodium 5-nitrotetrazolate dihydrate (0.177 g, 
1.02 mmol) was dissolved in 10 mL ethanol and a 
solution of ethylendiamine (0.100 g, 1.67 mmol) in 5 
mL ethanol was added dropwise under stirring at 
room temperature. The solution was heated to 70 °C 
and a solution of copper(II)chloride (0.068 g, 0.51 
mmol) in 5 mL ethanol was added causing immediate 
precipitation of a blue-lila solid. The reaction mixture 
was boiled for 1 hour and the lilac precipitate was 
filtered and boiled again in fresh ethanol. Lastly, it 
was filtered, washed with boiling ethanol and ether 
and left to air-dry yielding the title compound (0.163 
g, 77%). Crystals suitable for X-ray analysis were 
obtained when an aqueous solution of the compound 
was left to slowly evaporate. C6H16N14O4Cu (411.83 
g mol–1, calc./found): C 17.51 / 17.37, H 3.92 / 3.84, 

N 47.69 / 47.85, Cu 15.31 / 15.02%; Raman v~  / cm−1
 

(rel. int.): 3282(3) 2956(4) 1605(4) 1535(7) 1460(8) 
1442(6) 1407(100) 1319(7) 1284(5) 1174(3) 1155(4) 
1113(7) 1054(42) 1032(44) 886(10) 862(3) 839(12) 

774(2) 537(6) 476(8) 448(3) 299(7) 245(15); IR v~  / 
cm–1 (KBr, rel. int.): 3450(s) 3331(vs) 3278(s) 
3154(m) 2979(m) 2966(m) 2893(w) 2439(w) 
1593(m) 1537(vs) 1504(w) 1459(w) 1441(s) 1410(s) 
1384(m) 1316(m) 1281(w) 1268(w) 1172(w) 1155(w) 
1084(w) 1053(w) 1033(s) 969(w) 839(m) 719(w) 
669(w) 536(m) 471(w). 

Triaminocopper(II) 5-nitrotetrazolate (14): 
Sodium 5-nitrotetrazolate dihydrate (0.346 g, 2.00 
mmol) was dissolved in 3 mL of ammonia 35% and 
slowly added to a solution of copper(II) sulphate 
(0.160 g, 1.00 mmol) in 3 mL ammonia 35%. After 
refluxing the reaction mixture for 15 minutes and 
stirring for further 1 hour at room temperature a blue 
solid precipitated that was washed with water and 
ethanol and left to air-dry (0.269 g, 79%). 
C2H9N13O4Cu (342.02 g mol–1, calc./found): C 7.02 / 
7.07, H 2.65 / 2.75, N 53.22 / 53.38, Cu 18.40 / 

18.12%; Raman v~  / cm−1
 

(rel. int.): 3351(3) 
3282(12) 1540(10) 1445(15) 1416(100) 1317(6) 
1236(2) 1098(10) 1056(52) 1031(37) 839(14) 772(3) 

536(5) 449(4) 415(5) 264(4); IR v~  / cm–1 (KBr, rel. 
int.): 3355(s) 3278(m) 2846(w) 1612(m) 1538(vs) 
1504(w) 1442(s) 1427(m) 1416(s) 1384(m) 1318(s) 
1264(s) 1247(s) 1213(w) 1186(w) 1151(w) 1054(w) 
1034(w) 1021(w) 840(s) 772(w) 701(m) 684(m) 
667(m) 534(w). 

5-Amino-1H-tetrazolium 5-nitrotetrazolate (15: 
5-Amino-1H-tetrazolium bromide (1–10 mmol) was 
dissolved in water and added to a suspension of 12 
(1.0 eq) in the same solvent. Immediate 
precipitation of yellow silver bromide was observed 
and the reaction mixture was stirred for 0.5–2.0 h 
under the exlusion of light. After this time the 



Miró Sabaté, Delalu 

 10
EGC 2013 

solvent was carefully evaporated under vaccum and 
at 50 ºC leaving an off-white solid behind (quant. 
yield). C2H4N10O2 (200.12 g mol–1, calc./found): C 
12.00 / 11.73, H 2.01 / 1.72, N 69.99 / 69.45%; mp 
(uncorrected): 157.0–158.7 ºC (Lit. 159 ºC).  

1,3-Dimethyl-5-aminotetrazolium 5-

nitrotetrazolate (17): 17 was obtained as described 
for 15 from 1,3-dimethyl-5-aminotetrazolium iodide 
and 12 in an improved 94% yield. C4H8N10O2 
(228.17 g mol–1, calc./found): C 21.05 / 20.84, H 
3.53 / 3.32, N 61.39 / 61.07%; mp (uncorrected): 
160.0–161.4 ºC (Lit. 160.5 ºC).  
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ABSTRACT 

In the present work polyurethane copolymers of 3,3-

bis (azidomethyl) oxetane (BAMO) and 3-

azidomethyl-3-methyloxetane (АММО) with the 

molecular structure of type B(AB)n, A(AB)n, (BB)n 

and ABn with different ratios of oligomeric units, 

where A is non-crystallizable "soft" block of 

oligoAMMO, B is «hard» block of oligoBAMO were 

investigated. Amorphous-crystalline structure of 

copolymers BAMO AMMO has been studied by wide 

angle X-ray diffraction method. The influence of 

molecular structure and ratio of oligomeric units to 

structural parameters was identified. The degree of 

crystallinity, which is in a range of 8 to 22% and a size 

of the crystallites were determined. The defects in the 

structure of first and second kinds were evaluated, 

which show a high values of nullity of the first kind at 

approximately 20%, describing the displacement of 

lattice sites of the theory and existence of unequal 

sizes of the lattice sites, and minor defects in the value 

of the second kind at approximately 3%, in violations 

of order of the lattice sites in large distances.  

For the study of the domain structure of copolymers 

BAMO and AMMO the method of a small-angle X-

ray diffraction was used. The distribution and sizes of 
the crystallites in the structure of the copolymers were 

calculated. 

1. INTRODUCTION  

Research of azidosubstituted thermoplastic elastomers 

as the basis of binders has a great interest among 

Russian and World scientists (Gaur B. et al, 2003, 

Kawasaki H et all, 1997) 

Much attention is paid to a promising binders 

azidopolymers, because its characteristic azide group 

cause a positive heat of formation of 313-397 kJ/mol 

Sanghavani R. R. et al, 2000). Copolymers based on 

BAMO and AMMO - thermoplastic elastomers, 

consisting of hard and soft segments. During heating, 

hard segments are melted, allowing copolymers to mix 

with other ingredients of the fuel and while cooling 

they crystallize, forming physical bonds between the 

chains, which can be destroyed by heat. In this case, 

soft blocks AMMO provide elastic properties of the 

copolymer (Chi Zhang et al, 2012). 

Physico-chemical stability of the compositions based 

on these copolymers is associated with the processes 

of structure formation, crystallization, occurring 

during the production, storage and exploitation. 

Knowledge of the laws of formation of the "thin" 

structure of the copolymers and its quantification is 

allow to predict and obtain given physico-chemical 

and physico-mechanical and exploitation 

characteristics of copolymers and composites (Petrov 

V.A. et al, 2011). 

2. MATERIALS AND METHODS 

Copolymers of 3,3 - bisazidometiloxetane (BAMO) 

and 3-azidomethyl-3-methyloxetane (AMMO) were 

used as the objects of investigation in this study, they 

were obtained by the reaction of the urethanes 

synthesis of oligomers BAMO and AMMO with 

different molecular structure of the type B(AB) n, 

(AB)n, a (AB)n, (BB)n, where oligomer AMMO – A 

was used as amorphous soft blocks, and in the 

construction of the hard blocks the segments of 

crystallizable oligomer BAMO-B and the urethane 

diol fragments were involved. 

In the table 1 the basic structural characteristics of the 

studied copolymers are summarized. Investigation of 

amorphous-crystalline structure of AMMO BAMO 

copolymers was studied by X-ray analysis using an 

automatic X-ray diffractometer Ultima IV RIGAKU 

with automatic theta-theta goniometer, K-β filter, x-

ray tube with a copper anode (Mode of operation 

40kV, 40mA). The experiments were performed at 

23˚C in the Bragg-Brentano geometry with a flat 

sample, the step 0,008, the scan rate 2 ˚/min. Samples 

in the diffractometer were installed in an arbitrary, 

unknown in advance orientation and were centered in 
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the optical center of the goniometer. By changing the 

size of the Bragg angles from 8 to 40 °, the intensity of 

the diffracted beam was measured. 

Table 1: Some basic structural characteristics of 

the original copolymers. 

The resulting x-ray patterns were processed by the 

program for processing numerical and graphical data - 

ORIGIN, using the Lorentz transformations. Line 

through the points of the curve corresponding to 2Ѳ = 

5 - 64 ° approximated the background (incoherent 

scattering from the sample, scattering by air, space 

background). The main structural characteristics were 

calculated on basis of the diffraction patterns. The 

degree of crystallinity was calculated as the ratio of 

the total scattering intensity of the crystallites to the 

intensity of the total scattering from the amorphous 

and crystalline areas. The crystallite size was 

calculated by the Scherrer equation [1]. 

L = kh/βcos θ,                   [1] 

here: L – effective size of the crystallite, Аº, 

h – wavelength, Аº, 

θ – Bragg angle, degrees, 

к – coefficient, depending on the shape of the 

crystallite (c = 0.9, if the shape of the crystallite not 

known in advance), 

 β- extension line, rad. 

 Hozeman equation were used for the calculation of 

relative values the defectiveness of the first and 

second kinds [2,3].  

�� � �,���� 	
�� 1 
 2�� ��� 
 ��������� �      [2] 
 �� � 0,24

n
��� �������  ! �� � �"#$	&'�()����*��+,-&'�()����* .						[3] 

here: ω1 и ω2 - defectiveness of the first and second 

kinds, accordingly; 

n - order of reflection, 

β – extension line, rad, 

θ – Bragg angle, degrees, 

h – wavelength, Аº, 

А –ratio of the integrated intensity of  radiated reflex 

to the intensity of the background under it, 

L –crystallite size. 

Average crystallite size that was calculated by the 

William-Hall method, with usage of PDXL software 

package.  

Investigations performed by small-angle X-

ray diffractometer in Ultima IV (Rigaku), using 

module SAXS with parallel beam technology and the 

vacuum channel for reducing x-ray scattering and 

attenuation in the atmosphere. Experiments were 

performed at room temperature "in transmission", with 

angles range 0,06-6 °, in a step 0.002 and a scan rate - 

0.2 ˚/ min, with k-β filter usage. Mode of operation of 

X-ray tube is 40kV, 40mA. 

The analysis of diffraction patterns was made 

with usage of Nano-solver software package (version 

3.5.). 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the diffraction patterns of the 

investigated urethane copolymers AMMO BAMO. 

 

1- (BB)n, 2- A(AB)n, 3 - B(AB)n_3, 4 - B(AB)n_2, 5 -

 B(AB)n_1, 6 - B(AB)n_0, 7 - (AB)n_5, 8 - (AB)n_4, 9 - 

(AB)n_3, 10 - (AB)n_2, 11 - (AB)n_1, 12 - (AB)n_0 

Figure 1: Characteristic diffraction patterns of 

urethane copolymers AMMO BAMO 
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As can be seen on the fig. 1, the copolymers AMMO 

BAMO have amorphous-crystalline structure, but 

differ with various contents of crystal parts. An 

amorphous halo can be identified on diffraction 

pattern, which characterizes oAMMO and crystalline 

peaks. Table 2 summarizes the main calculated 

structure characteristics of urethane copolymers. 

Table 2: Calculated structural characteristics of 

urethane copolymers AMMO BAMO 

Sample 

name 

α 

кр, 

% 

Size of crystallites, ˚А 

average 

size 

(Williams

on-Hall)  

minimum maximum 

(AB)n_0 17 82 150 475 

(AB)n_1 15 69 61,6 606 

(AB)n_2 16 65 53,9 439 

(AB)n_3 13 97 471,8 653 

(AB)n_4 8 31 160,7 512 

(AB)n_5 8 193 439,1 662 

B(AB)n_0 16 27 86,9 439 

B(AB)n_1 17 38 86,9 409 

B(AB)n_2 12 37 235,4 475 

B(AB)n_3 12 56 270 449 

A(AB)n 15 289 209,7 378 

(BB)n 22 19,4 119,9 945 

As can be seen from the obtained data, the degree of 

crystallinity is in the range from 8 to 22%. 

Regularities of changing the crystallinity degree for 

structures B(AB)n and (AB)n on the ratio oligomeric 

units BAMO and AMMO in the copolymer (fig.2 and 

3) show a systematic decrease the crystallinity degree 

for the copolymer with increasing oAMMO content, 

regardless the structure of the copolymers.  

 

Figure 2 - Dependence degree crystallinity on 

oAMMO content for (AB)n structure. 

 

. Figure 3 - Dependence of crystallinity degree on 

oAMMO content for B(AB) structure 

Figure 4 shows the value of the crystallinity degree for 

copolymers with different structures and the similar 

ratio of oligomeric units oAMMO and oBAMO and 

random copolymer (BB)n. Copolymer (BB)n has a 

maximum crystallinity degree due to the lack of 

amorphous block oAMMO in the copolymer chain. In 

statistical distribution of oligomeric units, realized in 

the (AB)n structure, degree of crystallinity is much 

lower. A(AB)n and B(AB)n structure are particularly 

interesting. The end-soft blocks improves segmental 

mobility of the copolymer macromolecules and 

creates favorable conditions for crystalline structure 

A(AB)n formation in comparison with the structure 

B(AB)n, containing the hard end blocks.. In general, a 

significant influence of end groups to a process of 

copolymer structure formation can be marked. 

 

Figure 4 Degree of crystallinity for copolymers 

with different molecular structure 
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oBAMO, various molecular weight of oAMMO and 

ratio of oAMMO:oBAMO – 20:80 were calculated for 

determining the influence of oligomeric segment 

length on copolymer structure. As shown on the 

Figure 5, degree crystallinity  goes down along with 

decrease of  molecular mass of oAMMO. It can be 

connected with high mobility of crystallizable 

oBAMO blocks, facilitating the formation of 

crystallites. The degree of crystallinity for the 

structures (AB)n and B(AB)n with a predetermined 

ratio and the same molecular weight of oligomeric 

units unchanged. With higher molecular weight of 

oAMMO, crystallinity degree of the copolymers 

(AB)n is above. 

 

Figure 5: Dependence of the crystallinity degree on 

molecular weight oAMMO for copolymers 

structure (AB)n and B(AB)n.  

Table 2 shows that calculated crystallite sizes are 

within 60-950 °А. In this case the copolymer B(AB)n 

and A(AB)n has approximately the same minimum 

and maximum effective crystallites sizes (Fig. 6), 

opposite to sample with (BB)n structure, where 

maximum and minimum values are widely spread. 

This can be related to structural features of 

copolymers, that lead to decrease of the maximum size 

of crystallites. Namely, the connection of chain end 

group to main polymer leads to irregularities in 

structure and it facilitates the formation only primary 

supramolecular structures, unlike with copolymers 

(BB)n, and (AB)n with regular structure and without 

end groups. 

Should be noted that the calculated crystallite size 

(Table 2) for (AB)n structures shows significant 

decrease of polydispersity with increase of oAMMO 

content. Average crystallite value calculated by the 

Williams-Hall method (Fig. 7) for (AB)n and B(AB)n 

structures also increase with increasing of oAMMO in 

copolymer. The increase soft oligomeric matrix for the 

structure (AB)n promotes the formation of secondary 

complex supramolecular structures with large size and 

growth of crystallites. 

 

 

Figure 6: Dependence of crystallites size of 

copolymers structure  

 

Figure 7: Average crystallite size calculated by the 

William-Hall method for various structures 

Table 3 shows the results of defectiveness for the 

copolymers. It should be noted, that the distribution of 

crystallite defectiveness in a sample can be 

anisotropic, therefore the parameters of clutter were 

determined by the reflections, obtained from several 

crystallographic planes having different orientation. 

As can be seen from the table 2, the copolymers 

AMMO BAMO have high values of the first kind 

defectiveness of crystallites, which characterizes the 

shift of lattice sites positions from theoretical values. 
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Defectiveness of the second kind, which characterizes 

the infringement the order of the lattice sites at large 

distances, has quite low value. 

Table 3: Defectiveness of the crystallites 

Sample name  
Defectiveness 

of first kind, % 

Defectiveness of 

second kind, % 

(AB)n_0 17,4 4,2 

(AB)n_1 17,3 4,8 

(AB)n_2 12,8 4,0 

(AB)n_3 8,8 1,4 

(AB)n_4 8,9 2,0 

(AB)n_5 12,7 2,9 

B(AB)n_0 17,3 4,5 

B(AB)n_1 12,7 3,7 

B(AB)n_2 13,6 2,6 

B(AB)n_3 12,7 3,1 

A(AB)n 13,6 2,5 

(BB)n 17,5 4,2 

As it is known, the driving force for formation of 

domain structure in block copolymers is a 

thermodynamic incompatibility blocks (segments) of 

different nature, leading to segregation. 

Microheterogeneity is occurred in segmented urethane 

polymers: flexible oligoether oAMMO chain 

constitutes a matrix, and oBAMO chains that are 

formed during the synthesis ((step curing reactions 

result in chain extension) and diol-urethane sequence 

constitute a hard domain. 

Valuating of domain structure of urethane copolymers 

was performed by using the small angle X-ray 

scattering. The calculated structural parameters (Table 

4) show the smallest values of domain sizes and 

distribution in the amorphous matrix for (AB)n and 

(BB)n copolymers structure, that is apparently 

connected with the statistical distribution of 

oligomeric units, realized in given structures. The end 

groups introduction is probably destroy this order, and 

leads the increase both the number of domains, and 

range of sizes. 

Table 4: Size and distribution of hard domains in 

the amorphous matrix. 

Sample name  

Dominant size 

of hard 

domains, ˚А 

Sizes range of 

hard domains, 
˚А 

(AB)n_4 370 220-460 

B(AB)n_2 420 310-620 

A(AB)n 850 670-930 

BB 250 170-350 

3. CONCLUSIONS 

The results of X-ray diffraction investigations in 

urethane copolymers AMMO BAMO, established 

depending the structural parameters of the copolymers 

on the content of oligomeric units, and the original 

molecular structure. Calculated: 

- degree of crystallinity of copolymers is in range from 

8% to 22%; 

- effective sizes of crystallites, which are within 60-

950 A º, and distribution of crystallites in copolymers 

structure; 

- structural defectiveness of the first and second kinds, 

which show high values of defectiveness of the first 

kind ~ 20%, which characterizes the shift of lattice 

sites positions from theoretical values, and minor 

defects in value of the second kind ~ 3%, that 

characterize the disarrangement of lattice sites at large 

distances; 

- sizes and distribution of the crystalline domains in 

amorphous matrix oAMMO. 
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ABSTRACT 

Six novel energetic coordination compounds 
([M(ATZ)2(N3)2], M=Cu, Co, Ni, Mn, Zn and Cd) 
based on the 4-amino-1,2,4-triazole and one novel 
energetic coordination compound ([Cu(1,1'-
ATZ)3(ClO4)2·H2O]n) based on the 1,1'-azobis(1,3,4-
triazole) (1,1'-ATZ) were synthesized and 
characterized by elemental analysis and FT–IR 
spectrum. In addition, vibrational spectroscopy of 
ATZ and 1,1’-ATZ groups has been investigated at 
DFT-B3LYP/6-311++g(d,p) level of theory by 
performing with Gaussian03 program. Under nitrogen 
atmosphere with a heating rate of 10 K·min–1, the 
thermal decompositions contain one or two main 
exothermic stages in the DSC curves. The non–
isothermal kinetics parameters were calculated by the 
Kissinger’s method and Ozawa’s method, 
respectively. The critical temperature of thermal 
explosion, entropies of activation (∆S≠), enthalpies of 
activation (∆H≠), and free energies of activation (∆G≠) 
were calculated. The sensitivities properties were also 
determined with standard methods and the results 
showed that they maybe have an extreme potential 
application as energetic materials. 

1. INTRODUCTION 

Many chemists have been interested in 
environmentally compatible green energetic materials 
which are a topic of hot research worldwide. To 
achieve high explosive performance with a 
coordination complex, coordinated ligands must be 
highly energetic and rich in oxygen and/or nitrogen 
content. Azido anions (N3

-) are widely used as 
bridging groups in the reported compounds because of 
their effective exchange interactions with versatile 
coordination modes, which enable constructing 
compounds of great diversity depending on the 
reaction environment [1-14]. Azido ion can bind the 
metal via µ-1 mode as a monodentate bridging ligand, 
µ-1,3 (EE) and µ-1,1 modes as a bidentate ligand, or µ-
1,1,1 and µ-1,1,3 modes as tridentate ligand. In 
addition, the nitrogen–rich azide compounds have 
high heat of formation because they can release 

enormous energy of the average bond energies of N–N 
(160 kJ·mol–1), N=N (418 kJ·mol–1) and N≡N (954 
kJ·mol–1). We had studied the crystal structures, the 
thermal decomposition mechanisms and sensitivity 
properties of azido compounds, such as 
[Cd2(N2H4)2(N3)4]n [15], [Zn(N2H4)2(N3)2]n [16], 
Mn(CHZ)2(N3)2 (CHZ=Carbohydrazide) [17], 
[Cu2(en)2(N3)4]n (en=ethylenediamine) [18], 
Co(en)2(N3)2(NO3)

 [18], [Cd(en)(N3)2]n [19], 
Cu(IMI)4(N3)2 (IMI=Imidazole) [20] and 
Ni(IMI)4(N3)2 [20]. So azido compounds had potential 
application as energetic materials. 

At the present time, the new 4-amino-1,2,4-triazole 
and 1,1'-azobis(1,3,4-triazole) [21] energetic 
compounds have also become increasingly important. 
Advantages over the triazole complexes are, for 
example, the higher nitrogen content, the higher heat 
of formation, the excellent stability, the highly 
efficient gas production, and the environmental 
compatibility of both the explosive as well as the 
decomposition products. Cudzilo’s group found that 
{[Cu(ATZ)3](ClO4)2}n (I) and 
[Cu(ATZ)4(ClO4)(H2O)](ClO4) have two different 
modes of ATZ [22,6]. The six Cu-N bonds are formed 
by nitrogen atoms of three ATZ molecules of I, 
however, the four basal bonds are formed by nitrogen 
atoms of four ATZ molecules of II. It has been 
confirmed that I detonates when exposed to flame, is 
thermally stable (decomposes above 250 oC), 
moderately sensitive to friction (10 N) and has high 
initiating performance (priming charge to PETN cal. 
200 mg) [22]. 

In order to deepen the studies on the triazole 
compounds, six novel energetic coordination 
compounds [M(ATZ)2(N3)2] [M=Cu (1), Co (2), Ni 
(3), Mn (4), Zn (5) and Cd (6)] and one novel 
energetic coordination compound [Cu(1,1'-
ATZ)3(ClO4)2·H2O]n (7) were synthesized, and their 
crystal structures and the thermal decomposition 
mechanisms were studied in the present work. 

2. EXPERIMENTAL 

General caution: The title compounds are energetic 
materials and tend to explode under certain conditions. 
Appropriate safety precautions should be taken. 
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All reagents and solvents were all analytically pure 
commercial products. The starting material, sodium 
azide, is a commercial product and should be 
recrystallized before using. 

2.1 Synthesis 

Synthesis of compounds 1 ~ 6: The metal salt solution 
(2 mmol) was dissolved in 30 ml distilled water and 
heated to 70◦C. The ATZ solution and NaN3 solution 
were added dropwise under stirring for 1h. Then it 
was naturally cooled to room temperature and allowed 
to stand until precipitate was formed. The yields were 
68%, 45%, 48%, 65%, 62% and 70%, respectively. 
Single crystals suitable of compounds 4 and 5 were 
obtained. 

Synthesis of compound 7: The Cu(ClO4)2 solution (2 
mmol) was dissolved in 30 ml distilled water and 
heated to 70◦C. The 1,1’-ATZ solution was added 
dropwise under stirring for 20min. Then it was 
naturally cooled to room temperature and allowed to 
stand until blue precipitate was formed. The yield was 
72% and single crystal suitable for X–ray 
measurement was obtained. 

In addition, the analysis results verified that they just 
were the title compounds according to the IR spectra 
and elemental analyses. 

2.2 Vibrational Spectroscopy of ATZ and 1,1’-ATZ  

To obtain a better understanding of the ATZ and 1,1’-
ATZ groups, the molecular orbital analyses based on 
the optimized structure were carried out using B3LYP 
functional analyses with the 6-311++g(d,p) basis set, 
performed with Gaussian03 program. The optimized 
structures were characterized to be true local energy 
minima on the potential energy surface without 
imaginary frequency. The highest occupied molecular 
orbitals (HOMOs) and lowest unoccupied molecular 
orbitals (LUMOs) of the ATZ and 1,1’-ATZ groups 
are shown in Fig. 1. The electronic densities of the 
HOMOs at N1 (or N2) atoms of the the ATZ group 
and N1 (or N2, N7, N8) atom are relatively higher. 
That’s to say, it is easy to understand the coordination 
bond formation between the N atom and the M ion 
because the metal ion still has unoccupied 3d orbitals. 

       

   

HOMOs                         LUMOs 

Figure 1: HOMOs and LUMOs of ATZ (up) and 1,1’-

ATZ (down). 

 

2.3 Molecule structures 

The perspective views of the compounds 4, 5 and 7 
are shown in Fig. 2. Detailed information concerning 
crystallographic data collection and structures 
refinement are summarized in Table 1. 

Table 1: Crystal data and structures refinements 

Compound 4 5 7 

Formula MnC4H8N14 
Zn3N42C12 

H28O2 
CuC12H16 

N24O10Cl2 

CCDC 909151 837101 909152 

Mass 307.18 988.87 790.93 
Crystal 
system 

monoclinic triclinic monoclinic 

Space 
group 

C2 
P-1 

P21/n 

Z 2 1 2 
a / Å 15.072(7) 8.738(9) 8.2861(17) 
b / Å 6.932(3) 9.165(10) 20.232(4) 
c / Å 5.392(3) 12.288(13) 8.6664(18) 
α / ° 90.00 99.541(12) 90.00 
β / ° 93.927(7) 103.061(18) 92.742(3 
γ / ° 90.00 101.703(12) 90.00 
h –19~20 –11~11 –11~9 
k –9~8 –12~12 –27~27 
l –7~7 –16~13 –11~11 
V / Å3 562.0(5) 915.3(17) 1451.2(5) 
Dc / g·cm–3 1.815 1.794 1.810 
In compound 4, it crystallizes in the monoclinic space 
group C2 with a cell volume of 562.0(5) Å3 and two 
molecular moieties in the unit cell. In addition, there is 
one Mn cation, two ATZ molecules act as 
monodentate bridging ligands and four azido ligands 
act as µ-1,1 bridging ligands.  

In compound 5, there are two crystallographically 
independent sets of Zn ions and two types of azido 
ligands in different coordination modes (µ–1 and µ-
1,1). The central Zn1 cation is coordinated by two 
azido groups acting as µ–1,1 bridging ligands and four 
N atoms of the bidentate ATZ ligands. The terminal 
two Zn2 and Zn2A cations are coordinated in a 
distorted octahedral environment by one µ–1,1 
bridging ligand, two µ-1 bridging ligands, one ATZ 
group act as monodentate bridging ligand and two 
AZT groups act as bidentate bridging ligands. 

In compound 7, there are one Cu cation, six 1,1’-ATZ 
molecules act as bidentate bridging ligands, two 
ClO4

- groups and one crystal water molecule. The six 
basically equivalent Cu–N bonds are approximately 
equal, and which are 2.0~2.4Å. It crystallizes in the 
monoclinic space group P21/n with a cell volume of 
1451.2(5) Å3. The intermolecular hydrogen bonds are 
to extend the structure into a 3D supermolecular 
structure and make an important contribution to 
enhance the thermal stability of the compound. 
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Figure 2: The molecule structures of compounds 4 

(top), 5 (middle) and 7 (bottom). 

2.4 Non-isothermal kinetics analysis 

In the present works, Kissinger’s method [23] and 
Ozawa’s method [24] are widely used to determine the 
apparent activation energy (Ea) and the pre–
exponential factor (A). Based on the first endothermic 
peak temperatures measured with four different 
heating rates of 5, 10, 15 and 20 K·min–1, Kissinger’s 
method and Ozawa’s method were applied to study 
the kinetics parameters of the complexes. From the 
original data, the apparent activation energy Ek and Eo, 
pre-exponential factor Ak and linear coefficient Rk and 

Ro were determined and showed in Table 2. So the 
Arrhenius equation of the compounds can be 
expressed as follows: (E is the average of Ek and Eo) 

lnk = 5.155 – 66.46×103/RT for 1; 

lnk = 11.35 – 161.05×103/RT for 2; 

lnk = 10.47 – 158.20×103/RT for 3; 

lnk = 4.442 – 85.29 × 103/RT for 4; 

lnk = 9.499 – 117.8×103/RT for 5; 

lnk = 12.56 – 158.05×103/RT for 6; 

lnk = 4.176 – 72.51×103/RT for 7. 

Table 2: Peak temperatures of the first main 

exothermic stage at different heating rates 

and the kinetic parametes. 

2.5 Thermal decomposition, critical temperature of 

thermal explosion, ∆S
≠
, ∆H

≠
 and ∆G

≠
 

The DSC was carried out to investigate the thermal 
behavior of the title compounds. It can be seen that 
there was one or two main exothermic stages in the 
DSC curves. This results will illuminate that the 
compounds have good heat-resistant, because the 
decompositions occur above 180 oC for 1 and above 
250 oC for 2~7 with the first exothermic stage. 

The values of the peak temperatures corresponding to 
β→0 (Tp0), the corresponding critical temperatures of 
thermal explosion (Tb), entropies of activation (∆S≠), 
enthalpies of activation (∆H≠), and free energies of 
activation (∆G≠) were obtained by the following 
equations [25], where a, b and c are coefficients, kB is 

β / K·min–1
 

Peak temperatures Tp / K 

1 2 3 4 

5 442.35 609.25 636.05 608.45 

10 453.95 622.65 657.85 626.65 

15 469.05 630.75 656.75 644.45 

20 473.75 634.95 661.65 657.55 

Ek/kJ·mol–1 64.42 160.10 156.90 82.31 

ln (Ak/s
−1) 5.155 11.35 10.47 4.442 

Rk –0.9839 –0.9984 –0.9134 –0.9906 

Eo/kJ·mol–1 68.50 162.00 159.50 88.27 

Ro –0.9872 –0.9986 –0.9229 –0.9927 

β / K·min–1
 Peak temperatures Tp / K 

5 6 7  

5 515.05 555.25 545.45  

10 523.05 563.55 548.55  

15 533.25 569.25 571.65  

20 539.75 577.65 583.45  

Ek/kJ·mol–1 116.50 157.40 69.76  

ln (Ak/s
−1) 9.499 12.56 4.176  

Rk –0.9817 –0.9799 –0.8931  

Eo kJ·mol–1 119.10 158.70 75.25  

Ro –0.9842 –0.9821 –0.914  
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the Boltzmann constant (1.381×10-23 J/K) and h is the 
Planck constant (6.626×10-34 J·s). 

 

The physicochemical properties of the compounds 1~7 
are tabulated in Table 3. The high values of Tb show 
that the transition from thermal decomposition to 
thermal explosion is not easy to take place, especially 
for compound 7. The positive values of ∆G≠ indicate 
that the exothermic decomposition reaction must 
proceed under the heating condition, especially for 
compound 2. 

Table 3: Physicochemical properties of the title 

compounds. 

Compound 1 2 3 4 

Td
b / oC 180.8 349.5 384.7 

290.6, 
353.5 

N c / % 62.10 63.03 63.07 63.85 
Tp0 / K 448.15 589.15 562.45 594.15 
Tb / K 476.56 608.25 580.14 633.24 
–∆S≠ 

/J·(K·mol)-1 
213.75 164.52 171.45 222.03 

∆H≠/kJ·mol–1 62.73 156.15 153.52 80.35 
∆G≠ /kJ·mol–1 158.52 253.08 249.95 212.27 
Compound 5 6 7  

Tm
a / oC 

65.8, 
142.4 

239.1 /  

Td
b / oC 

249.9, 
519.0 

290.4, 
387.2, 
493.4 

272.3, 
336.6 

 

N c / % 59.46 53.78 42.51  
Tp0 / K 515.15 539.05 593.65  
Tb / K 535.38 555.27 640.72  
–∆S≠ 

/J·(K·mol)-1 
178.8 153.72 224.23  

∆H≠/ kJ·mol–1 113.52 153.57 67.57  
∆G≠ /kJ·mol–1 205.63 236.44 200.68  
a Melting point / DSC endothermic peak; b Thermal 
degradation / DSC main exothermic peak; c Nitrogen 
content. 

2.6 Sensitivity test 

Impact sensitivity was determined by Fall Hammer 
Apparatus. The compound was placed between two 
steel poles and was hit by 5.0 kg drop hammer. The 
results of all the studies showed that they had good 
sensitivity for compound 1, 3, 6 and 7 from Table 4. 

Table 4: The sensitivity test of the title compounds. 

Compound 
Impact sensitivity 
Fire rate h50 / cm 

1 100 % 9.8 
2 0 % > 50 
3 40 % 15.2 
4 0 % > 50 
5 0 % > 50 
6 40 % 15.6 
7 100 % 15.3 

3. CONCLUSIONS 

The novel high–nitrogen and environmental friendly 
energetic azide compounds were synthesized and 
characterized. The crystal structures of compounds 4, 
5 and 7 show that the M ion is six–coordinated in a 
distorted octahedral geometry. Thermal analysis 
indicates that they have good heat-resistant and good 
sensitivity. 
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ABSTRACT  

Considerable attention is paid to enhanced oil 

recovery at the mature production oil fields.  In 

practice, the integrated principle of action is 

implemented as regards the influence on the reservoir 

system. The integrated method of enhancing the 

efficiency of developing and treating productive 

formation is one of the promising methods, the main 

point of this method is the combined usage of shaped 

charge and a pyrotechnic component, the latter forms 

high-temperature active hydrohalogens during 

combustion. 

As regards operating efficiency the make-ups of the 

pyrotechnic component should release components 

forming acids during combustion. Therefore, 

ammonium perchlorate was chosen as an oxidizing 

agent, and substances with the high content of chlorine 

and fluorine, viz. polyvinylchloride, hexachlorethane, 

polytetrafluorethylene, were selected as combustible 

components.  

In the present study the regularities of the changes of 

mass fraction of hydrohalogens in combustion 

products of two- and three-component compounds 

depending on the percentage of components and 

conditions of reaction behavior were determined. In 

the first series of research it was assumed that the 

combustion was carried out in the closed system 

without considering the environmental influence. Only 

components of the compound reacted. 

As actual well conditions assume the presence of 

aqueous medium, in the second series it was assumed 

that combustion took place in the presence of water 

that took part in chemical processes alongside with the 

components of compounds. The concentration of 

ammonium perchlorate in compounds was in the range 

from 30 to 100 %, as when the concentration is less 

the compounds practically don’t ignite. The design 

data were obtained and they were compared with 

experimental ones, obtained by burning pressed 

samples of compounds in a bench-scale plant 

simulating well conditions. The content of 

hydrohalogens in the products of explosive 

transformation was estimated by methods of chemical 

analysis according to the content of chlorine and 

fluorine ions in the samples of an aqueous solution. 

1. INTRODUCTION  

The most research and technology critical issue in the 

area of field development is the provision of high rates 

of hydrocarbon production keeping the most complete 

extraction of resources. At the present time, the 

solution of the problem of productivity growth of oil 

fields is complicated by the fact that the majority of 

oil fields in the midland are mature production fields. 

The center of development is steadily shifting to the 

hard-to-reach regions of the planet; it requires a lot of 

material and technical resources and labour force. At 

the same time, more than half of established reserves 

are left in underground resources when the existing 

methods of development and exploitation of fields are 

used. It is calculated that enhanced oil recovery at the 

older developed oil fields of the country by one per 

cent is equal to the discovery of a new large oil field 

with the oil production of several million of oil per 

year. 

Methods of bottom hole treatment of oil wells (BTH) 

are essential in providing high rates of crude oil 

production keeping the most complete extraction of 

resources. A gas pulse processing technique of oil well 

treatment is one of such BTH methods. The existing 

method uses a gas pulse generator filled by nitrogen 

gas at the well head, the pressure being 60-120MPa. A 

generator is a pressure-tight thick walled cylinder, it 

goes down into a well by means of a logging cable and 

is installed in the section of productive formation. 

After lowering, a valve is activated, and short-term 

pulse gas supply occurs through existing nozzles at the 

speed exceeding acoustic speed. When the gas flows, 

local strokes of gas jet in the log interval as pulsed 

waves of compression – extension (discharge) take 

place. 

Existing pulse generators possess a number of 

essential drawbacks, examples of these include the 

danger of operations on filling up a generator by high 

pressure gas on the daylight surface, herewith, inert 

gas has no heating capacity, in particular, the 

temperature promoting melting and removal of 

asphaltene, resin and paraffin deposits from the 

bottom-hole area during pulse treatment. Aside from 

that, the system of depressurization of nozzle orifices 
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is complicated and unreliable. 

The aim of the research is the determination of the 

operation capability of a new thermal-gas-pulse 

generator where non-explosive solid fuel is used and 

which generates gases while burning. This generator 

possesses advanced efficiency of pulse well treatment 

owing to the formation of micro- and deeper fractures 

in bottom-hole formation region and the growth of its 

permeability; reliability and safety of operation; it also 

has a simplified construction of a submersible 

generator of pressure pulses. The opening of nozzle 

orifices is performed by one membrane that provides 

high reliability of performance (Fig.1). 

 

1 - body, 2 - working agent, 3 - initiation component, 

4- diaphragm, 5-connecting pipe, 6 - nozzle orifice, 

 7- screw rod shaft 

Figure 1: Thermal-gas-pulse generator. 

2. METHODOLOGY 

In the research, combustible composite material is 

used as an active agent; it consists of ammonium 

nitrate, potassium bichromate, epoxide resin, a 

hardening agent Agidol, and a plasticizer EDOS (a 

mixture of polyfunctional compounds including 

oxygen-containing cycles, hydroxyl and ester groups). 

The gas-generating ability of the active agent is no 

less than 800l/kg. 

The research was performed at the stand unit of 

alternating pressure, simulating an oil well (Fig.2). It 

consists of a thick-walled cylindrical vessel which 

diameter is 122 mm and height is 1.2 m; the full 

volume of the chamber is 14l for placing and burning 

samples in liquid medium. There is a hole   for a 

piezoelectric pressure sensor at the lateral side of the 

vessel. Signal recording is performed by means of a 

computer (PC) as  dependence of pressure on time. 

Butt ends of the vessel are closed pressure tight by 

plugs and are held down by covers. A power point for 

connecting electric circuit of the ignition unit of the 

pulse generator prototype model to power supply is 

installed in the upper plug. Cables from the ignition 

unit of the prototype model are connected to the power 

point on the plug. The vessel is pressurized by plugs 

and covers. An electric pulse igniting a sample is 

delivered to the initiation element from a control 

board located outside a booth. 

 

 

This will allow your making references to individual 

equations, as here to equation [1]. 

3. RESULTE 

The high gas-generating ability of the offered 

active agent permits to increase the efficiency of the 

active agent considerably and, ultimately, the 

efficiency of well treatment owing to the generating of 

higher characteristics of pulse input, particularly, 

when the maximum pulse amplitude makes up 1.1-

1.35 of confining pressure of the treated reservoir, the 

pulse ontime being up to 1 min, and the frequency 

being no less than 14-15 pulses. The specified 

characteristics of pressure pulses are conditioned by 

the fact that microfractures are formed during the 

pulse treatment of the reservoir even at the pressures 

making u.1-1.21electric line 

1 - electric line, 2 – cover, 3 – plug, 4 - pressure safety 

valve, 5 – sample, 6 - autoclave body, 9 - piezoelectric 

transducer, 10 - pressure discharge line,  

11 -  registering instruments, 12 - trigger starting 

device. 

Figure 2: Diagram of a stand unit. 

3. RESULTS 

The high gas-generating ability of the offered active 

agent permits to increase the efficiency of the active 

agent considerably and, ultimately, the efficiency of 

well treatment owing to the generating of higher 

characteristics of pulse input, particularly, when the 

maximum pulse amplitude makes up 1.1-1.35 of 

confining pressure of the treated reservoir, the pulse 

ontime being up to 1 min, and the frequency being no 

less than 14-15 pulses. The specified characteristics of 

pressure pulses are conditioned by the fact that 

microfractures are formed during the pulse treatment 

of the reservoir even at the pressures making up 1.1-

1.2 of confining pressure, and deeper and longer 

fractures are formed in the reservoir at pressures being 

equal to 1.3-1.35 of confining pressure. Higher  

intensity (pulse frequency is up to 14-15) and length 

of pulse pressures up to 1 minute promotes the 

opening and development of forming and existing 

fractures in the bottom-hole formation zone, as well 

as, heating, melting and removal of asphaltene, resin 

and paraffin deposits, increasing reservoir properties 

by that.   During the discharge of combustion gases of 

 1 

2 

 3 
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 5 

 6 
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the active agent from generator nozzle orifices the 

temperature of gases makes up  650-700 
о
 С, and 

during the interaction with borehole fluid the 

temperature does not exceed the boiling temperature 

of this liquid. The latter makes up 300-350
о
С at 

borehole pressure being equal to 10-15 MPa, it is quite 

enough for heating and melting asphaltene, resin and 

paraffin deposits during 1 minute, as the melting 

temperature of these deposits does not exceed  

60-70
о
С. 

The novelty of this development also is that the active 

agent and the element of its initiation are performed as 

a single unit; and an explosive element is produced as 

a membrane made  of specified thickness metal sheet 

having a round form, it is fixed by a fitting   situated at 

the bottom part of the generator body, in the fitting 

there are nozzle orifices and a screw rod shaft with the 

possibility of its shifting to the membrane, its opening 

and gas pressure releasing in the generator body on the 

daylight surface. 

The recording instruments having fine-resolution 

performance were used, it was established, apart from 

the abovementioned interval of pulse impact with the  

amplitude being equal to 1.1-1.35  of  confining 

pressure and the length of pulses up to 1 minute, that 

before this impact in borehole environment, at least, 

four short-time pressure pulses  were formed, the first 

amplitude was equal to 73 MPa and is comparable 

with the initial pressure built up in the generator 

during the combustion of the solid-fuel active agent. 

The frequency of obtained pulses makes up about 10
-3
 

sec. (Fig.3). 

 

а – region of high pulses, b – region of low pulses 

Figure 3: Plot of pulse pressures. 

Thus, the thermal-gas-pulse impact takes place in two 

stages. At the first stage, which can be called a stage 

of short-time pulse impact, during the discharge of 

light-end products from nozzles  the shock and 

multiple reflection of shock waves from the wall of 

production casing arise. Although the amplitude of 

pulses  generated at this stage exceeds confining 

pressure many times, owing to the their short duration, 

probably in the interval of formation treatment,  they 

can develop only microfractures, promote the 

destruction of colmataging material transferring it into 

suspended state, as well as, decrease fluid viscosity. 

At the second stage pressure pulses are arisen as a 

result of the gas bubble formation and pulsation. 

Though their amplitudes have comparatively small 

magnitudes, their duration (up to 1 minute) proceeds 

in the mode of loading-uploading (repression-

depression impact), it can lead to the broadening  of 

microfractures, penetration of heated gases into 

perforation tunnels, and melting of  asphaltene, resin 

and paraffin deposits. 

Development field operations conducted at oil 

deposits of Russia confirmed that the efficiency of the 

given technology made up about 1-2 tons of oil per 

day according to the average incremental oil rate. 

 4. CONCLUSIONS 

The pulse generator of pressures for the treatment of 

oil wells based on the combustible composite material 

was developed, and research to determine its 

performability in the environment simulating an oil 

well was conducted. It was established that the 

functioning of the pulse generator of pressures had 

two stages, the first one was short-time (to 0.005 sec) 

with high pressure to 73 MPa, it provided the 

formation of microfractures and destruction of 

colmataging materials. The second stage conditioned 

by the bubble pulse was longer, but the level of 

pressures was less. It lead to broadening of 

microfractures and melting of colmataging materials 

by highly heated products of solid fuel composite 

material burning. The efficiency of the proposed pulse 

generator is confirmed by the development field 

operations conducted at oil deposits of Russia. 
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ABSTRACT 

Possibility in principle to use mixtures of sulphates 

and carbonates containing high-energy ingredients for 

making commonly used articles based on condensed 

heterogeneous systems is shown. Patterns of thermic 

interreacting of metal sulphates and carbonates with 

combustible constituents are investigated. 

 

1. INTRODUCTION 

Nowadays composition used in various spheres 

of national economy and defence industry contain ba-

sically nitrates of alkaline and alkaline-earth metals as 

oxidants [1]. They have a set of substantial defects: 

high hygroscopicity, comparatively high costs, their 

compositions are characterized by thermal and me-

chanical effects susceptibility. Metal sulphates and 

carbonates do not have these problems. They have 

high heat stability, low hygroscopicity, their composi-

tions are characterized by low thermal and mechani-

cal effects susceptibility, they are not difficult to ob-

tain and have practically unlimited raw materials 

base. Therefore they are farsighted ingredients for us-

ing in compound of various usage. 

 

2. EXPERIMENTAL DATA 

Previously sulphates and carbonates of some metals 

were used in compounds as additives, however listed 

advantages and physicochemical properties make it 

possible to use them as main oxidants for metal-

containing condensed heterogeneous systems 

(MCHS) [2].  

Table 1 shows basic properties of some sulphates and 

carbonates comparing with an oxidant widely used in 

pyrotechnics - sodium nitrate [3, 4]. 

The objective of this work was to study the process of 

combustion of sulphates and carbonates mixtures with 

metal fuel agents and investigating their thermic in-

teracting. 

Thermodynamic analysis of sulphate - magnesium 

mixture and carbonate – magnesium mixture dis-

played that sulphates and carbonates systems are be-

hind analogous sodium nitrate componds in the calo-

rific value, combustion temperature and volume of 

light-end products in the process of thermal interact-

ing with their own oxidation cells; but when combust-

ing in the air or aqueous mediums their properties are 

quite congruous, especially if a compound contains 

much metal (Table 2, 3, 4). 

 

Table 1- Physicochemical properties of some inor-

ganic salts  

Compo

und 

Relat

ive 

mole

cular 

mass 

Mass 

conte

nt of 

oxige

n, % 

Densit

y, 

kg/m
3
 

Melt

ing 

point

, °С 

Ons

et 

tem

pera

ture

, °С 

Stan-

dard 

for-

mation 

heat, 

kJ/mol

e  Na2SO4 142,60 44,9 2673 884 1200 1384,10 

CaSO4 136,15 47,0 2980 1450 800÷  

1000 

1422,60 

BaSO4 233,43 27,4 4500 1580 1400 1465,20 

Na2CO3 105,99 45,3 2533 854 858 1129,85 

K2CO3 138,21 34,8 2428 886÷             

896 

825 1145,03 

CaCO3 100,09 48,0 2710÷  

2930 

900 825 1205,90 

SrCO3 147,63 32,5 3700 1200 1000 1217,22 

BaCO3 197,35 24,3 4430 1350 1200 1217,63 

NaNO3 85,00 56,5 2170 308 ~600 467,40 

In arriving at possible participation of environment 

oxygen in the combustion process is counted towards 

parameter α (environment excess coefficient). 

 

Table 2 – Thermodynamic characteristics of com-

pounds in thermal interacting with their own oxida-

tion cells (α=0) 

Composition 

(stoichiometry) 

Combus

tion 

tempera

ture, К 

Calori

fic 

value, 

kJ/kg 

Volume of 

light-end com-

bustion prod-

ucts, l/kg  

Na2SO4 + Mg 2617 3283 258 

Ca SO4 + Mg 2950 4208 185 

BaSO4 + Mg 2970 2670 108 

Na2CO3 + Mg 1051 1734 291  

CaCO3 + Mg 1764 2477 176  

BaCO3 + Mg 1759 1577 74  

NaNO3 + Mg 3129 5303 366  

 

Table 3- Thermodynamic characteristics of com-

pounds in thermal interacting in air (α=1) 
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O.B.= - 40 

Combust

ion 

temperat

ure, К 

Calori

fic 

value, 

kJ/kg 

Volume of 

light-end com-

bustion prod-

ucts, l/kg 

Na2SO4 + Mg 3066 11298 591 

Ca SO4 + Mg 3083 11400 582 

BaSO4 + Mg 3075 10785 571 

Na2CO3 + Mg 3048 11688 591  

CaCO3 + Mg 3073 11794 568  

BaCO3 + Mg 3066 10889 562  

NaNO3 + Mg 3098 12109 604  

 

Table 4- Thermodynamic characteristics of com-

pounds in thermal interacting in water (α=1) 

Composition  

O.B.= - 40 

Combus

tion 

tempera

ture, К 

Calorif

ic 

value, 

kJ/kg 

Volume of 

light-end 

combustion 

products, 

l/kg 

Na2SO4 + Mg 2727 7737 595 

Ca SO4 + Mg 2763 7799 581 

BaSO4 + Mg 2729 7282 555 

Na2CO3 + Mg 2635 7619 619 

CaCO3 + Mg 2685 7738 579   

BaCO3 + Mg 2659 7110 557 

NaNO3 + Mg 2844 8556 637 

 

The calculations (Tables 5, 6) found that in the sup-

posed chemical reactions of magnesium and calcium 

sulphate interacting and magnesium and calcium car-

bonate interacting practically all interacting patters 

are probable because Gibbs thermodynamic potential 

is less than zero [5]. 

 

Table 5- Specific Gibbs thermodynamic potential of 

calcium sulphate and magnesium interacting reaction  

Gibbs thermodynamic 

potential, kJ/kg at the 

temperature 

№

  

Reaction scheme 

500 К 1000 

К 

1500 

К 

1 CaSO4 + 4Mg = 

CaS + 4MgO 

-6198 -6211 -8818 

2 2CaSO4 + 5Mg = 

CaS + CaO + 

5MgO + SO2 

-3922 -3919 -5819 

3 CaSO4 + 4Mg = 

MgS + CaO + 

3MgO  

-5798 -5817 -8431 

4 2CaSO4 + 5Mg = 

MgS + 4MgO + 

2CaO + SO2 

-3686 -3686 -5590 

5 2CaSO4 + 9Mg = 

MgS + 8MgO + 

CaS + CaO  

-6928 -6962 -9783 

6 3CaSO4 + 9Mg = 

MgS + 8MgO + 

CaS + 2CaO + SO2 

-4620 -4626 -6791 

 

Table 6- Specific Gibbs thermodynamic potential of 

calcium carbonate and magnesium interacting reac-

tion  

Gibbs thermodynamic po-

tential, kJ/kg at the tem-

perature 

№

  

Reaction scheme 

500 К 1000 К 1500 К 

1 CaСO3 + Mg = 

CaО + MgO + СО 

-1152 -1115 -2296 

2 4CaСO3 + 7Mg = 

3CaO + 7MgO + 

2СО + СаС2 

-2829 -2861 -4701 

3 4CaСO3 + 8Mg = 

3CaO + 8MgO + 

СО + С + СаС2 

-3539 -3549 -5602 

4 5CaСO3 + 8Mg = 

8MgO + 4CaO + 

С + СаС2 + СО + 

СО2 

-2776 -2778 -4716 

 

Thermodynamic analysis showed that probability 

changing of interaction patterns of a metal salt de-

pends on the mixture compound and on the group of 

salt basis ion. 

Effect of properties and oxidant-metal ratio, ingredi-

ent dispersiveness and compression rate of the sam-

ples on the combustion rate of the studied mixture is 

analyzed in the article. 

Magnesium, aluminum and magnesium-aluminum al-

loy were used as fuel agents. 

The undertaken study found that sulphates and car-

bonates –based systems can combust independently 

only with magnesium powder. It is related to the 

properties of magnesium oxidic “film”. 

Alcali metal sulphade – based compositions are char-

acterized by relatively wide combustion concentration 

limits. Combustion rate of the given compounds in-

creases in the row         K2SO4 – Li2SO4 – Na2SO4, 

and has maximum values 5,39; 8,78; 10,75 mm/sec 

respectively. Mixtures based on potassium sulphade, 

lithium sulphade and sodium sulphade with magne-

sium have combustion concentration limits at the oxi-

dizing balance “minus41÷plus20”, “minus25÷0” and 

“minus39÷plus33” respectively. Combustion rate of 

the alkali-earth metal sulphade – based compounds 

increases in the row CaSO4 – SrSO4 – BaSO4 and has 

maximum values 3,31; 7,71; 6,92 mm/sec respec-

tively. At that mixtures on the anhydrous calcium sul-

phade with magnesium can combust independently 

only at the oxidizing balance “0”, and combustion 

concentration limits of mixtures based on strontium  
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Figure 1 – Functional connection between conbustion 

rate of compounds based on alkali-metal sulphates 

and oxidazing balance 

 

 
Figure 2 – Functional connection between conbustion 

rate of compounds based on alkali-earth metal sul-

phates and oxidazing balance 

 

 
Figure 3 – Functional connection between conbustion 

rate of compounds based on alkali-metal carbonates 

and oxidazing balance 

 

 
Figure 4 – Functional connection between conbustion 

rate of compounds based on alkali-earth metal car-

bonates and oxidazing balance 

 

sulphate and barium sulphate with magnesium are at 

the oxidizing balance range of “minus15÷plus25” and 

“minus19÷plus19” respectively. Mixtures based on 

calcium sulphate hemihydrate and magnesium pow-

der combust at the oxidizing balance “mi-

nus11÷plus15”. 

Compositions on alcali and alkali-earth metal carbon-

ates combust at a narrower range. Combustion rate of 

alcali metal carbonate - based compounds increases in 

the row K2СO3 – Na2СO3 – Li2СO3, and has maxi-

mum values 0,8; 1,03; 5,89 mm/sec respectively. 

Mixtures based on potassium carbonate, lithium car-

bonate and sodium carbonate with magnesium have 

combustion concentration limits at the oxidizing bal-

ance “minus20÷plus5”, “minus20÷5” and “mi-

nus25÷plus10” respectively. Combustion rate of the 

alkali-earth metal carbonate – based compounds in-

creases in the row CaSO4 – SrSO4 – BaSO4 and has 

maximum values 1,18; 1,93; 3,6 mm/sec respectively. 

Combustion concentration limits of mixtures based on 

calcium carbonate, strontium carbonate and barium 

carbonate with magnesium are at the oxidizing bal-

ance range of “minus30÷plus5”.  

Derivatographic studies of undiluted salts and their 

mixtures with magnesium showed that the process of 

solidphase interacting occurs with exo-effect at a suf-

ficiently high rate. It was found that the onset tem-

perature of sulphates and carbonates and metal fuel 

agents interaction is within the limits 530 - 570
о
С and 

depends on the sulphate and carbonate properties. 

Researches of the effect of oxidant (calcium sulphade, 

calcium carbonate) dispersiveness on the rate of 

thermal interacting of the mixtures under analysis 

found that combustion rate increases if the size of in-

organic salt particles reduces. It is especially evident 

with calcium sulphade – based mixtures. The investi-

gated particle size was: less than 100 mcm, 160÷250 
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mcm and more than 315 mcm. The results obtained 

coincide with literature data concerning influence of 

component dispersiveness on mixture thermal interac-

tion rate – increasing of magnesium powder disper-

siveness (for the listed trade marks) results in com-

bustion rate growth [1].  

Relative density 0,6÷0,85 effect on the rate of thermal 

interacting was studied for the systems “calcium sul-

phade – magnesium” and “calcium carbonate – mag-

nesium” with stoichiometric ratio of components. It 

was found that samples with relative density 0,6 com-

bust with relatively higher rate, but have compara-

tively low strength characteristics. Increase of relative 

density of samples results in decrease of combustion 

rate both for calcium sulphade compounds and cal-

cium carbonate compounds from 4,76 to 2,42 mm/sec 

and from 3,5 to 0,8 mm/sec respectively. If compres-

sion rate increases more than 0,85, compound cannot 

combust independently anymore. 

3. CONCLUSIONS 

To estimate influence of various factors on the com-

bustion rate of compounds based on sulphades and 

carbonates correlation analysis was carried out. It re-

vealed that oxidant’s melting point effects combus-

tion rate most of all in the mixtures of sulphates and 

carbonates with magnesium when alkali metals are 

used. If alkali-earth metal salts are used as oxidants, 

deformability of metal positive ion in the salt (polari-

sation index) is influenced most of all. Besides, com-

bustion process is sufficiently dependent on magne-

sium oxidation with air oxygen (it may be found ei-

ther in pore spaces or on the sample’s surface) as well 

as products of partial dissociation of sulphades and 

carbonates at the temperature more than 300
о
С. 

The findings make it possible to consider sulphades 

and carbonates mixtures with magnesium as a base 

for developing both flaming pyrotechnic compounds 

and slow-burning slightly gassy compositions.  
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ABSTRACT 

The possibility and effectiveness of activation of salt 

rocks with explosive energy usage of industrial explo-

sive (conversion energetic material) for identification 

of hydraulic borehole mining in vertical-horizontal 

boreholes is shown. 

1. INTRODUCTION  

Importance of utilization of weapons which are re-

moved from service is determined not only by in-

crease of economic costs on their above permitted 

storage and caution of accidental or spontaneous igni-

tion, but also by potential economic effect of their 

usage in manufacturing.  

Development of non-traditional methods of utilization 

of explosive energetic materials, those are produced 

after disassembling and demilitarization of common 

types of weapons has a great practical importance.  

Technical and economic analysis of their effectiveness 

and feasibility evaluation including ecol requirements 

and possibility of utilization of materials, components 

and half-finished goods have to be made before im-

plementation of any of methods. The areas where con-

version energetic materials can be used are different: 

explosive works in quarries, borehole perforation, 

rock fragmentation and etc. 

One of the areas where explosive energy is used it is 

usage of energetic materials for hydraulic borehole 

mining stimulation of salt rocks.  

Nowadays the hydraulic borehole mining method, 

based on exploitation and transportation of mineral 

products to the surface via boreholes system using the 

backpressure and air lift is the most advanced because 

of its plain construction, safeness, high economic indi-

ces. It is wide spread occurrence in the world and it 

has several technique solutions [1,2]. The method of 

mine development of solid minerals from horizontal 

camera was developed in Central Research Institute 

for Geology of Industrial Minerals (Kazan, Russia) 

[2,3]. To make this method work in practice it is nec-

essary to break productive stratum to make it moving 

by intensive fragmenting and particle surface rising 

(activation) for further transportation or resorption (for 

soluble minerals).  

The field of mineral salts as usual is characterized as 

stratal structure, where potash and potash-magnesium 

productive stratums (not large thickness) intercalate 

with rock-salt stratums. For example, sulphate potash 

magnesium productive stratums of the Sharlykskaya 

square (Russia) have polyhalite-halite, anhydrite-

polyhalite and hylite-polyhalite minerals with the 12-

15 m average thickness.  

One of methods for activating the productive stratum 

it is impulsive (explosive) method. It is because of the 

usage of explosive energy influence on a rock mass 

what let to reduce time expenditure for doing next 

steps of the operation, but also greatly raising their 

effect, because of the physical state changing of min-

erals in a bottomhole zone.  

2. THE RESEARCH RESULTS 

It is known [4] that a breakup figure which is pro-

duced by explosion on rocks depends on volume con-

centration of explosive energy, methods and place of 

initiation, charge or charges construction, physical and 

chemical properties, condition of ground and some 

other factors.  

Under high pressure of detonation products compres-

sive wave occurs in solid medium, and it cramps, 

squeezes and make a rock sheet movable. The charac-

teristics of the compression zone depend on pressure 

in explosion products and saliferous rock strength pa-

rameters around the charge (fic.1). Next area it is frac-

tures and fissures zone with redial and specific frac-

tures. There is no disruption happen in saliferous rocks 

in the zone of elastic deformations and the belt of fluc-

tuations.  

For better fragmenting of saliferous rocks and de-

crease of packing effect it is necessary to create spe-

cial conditions in a hole with intermittent spacious 

loading on hole walls. In this case the fragmentation 

should have local characteristics. The following condi-

tions can be gained via usage of nonstandard construc-

tion changes: complex hole charges, consist of explo-

sive parts with different detonation characters, or 

combined charges, for example, charges with air strips 

and others [6]. The energy of these charges are shared 
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only in certain area and in a fixed direction, so irregu-

lar pressure field in a hole is provided and also a stress 

field in a rock masses that helps to increase the frag-

mentation.  

 

Figure 1: Pattern of the explosive charge in the  

solid at the moment of detonation:  

I – drive zone and elastic deformation zone;  

II – crushing zone; III – fracture zone; IV - belt of 

fluctuations; r0- explosive charge radios; bВ – drive 

zone radius; bР - crushing zone radius; bо - fracture 

zone radius. 

While projecting the explosive works along with de-

velopment of charge construction, choosing explosive 

material and its delivery to a hole it is necessary to 

estimate a size of rocks’ crusher zone. 

Size detection of crusher zone in a rock mass was 

made with phenomenological quasistatic wave theory 

of deformation and fragmentation of rocks by explo-

sion of industrial explosives [7]. According to this 

theory several processes of rocks’ fragmentation hap-

pen, outside zone radiuses are calculated under the 

following formulas:  

fd

Gpdb
σ

⋅=
∗

5,0 ;   (1) 

s

Gpdb
τ

τ
2

5,0 ⋅= ;   (2) 

t

Gpdb
σ

⋅= 5,00 ,   (3) 

d – explosive charge diameter, m; b0 – redial fracture 

zone radius – regulated fragmentation, m; bτ  - radius 

of stable formation of shear crack, which destroy 

shapes sectors, m; b* - radius of intensive zone of fine-

ly divided rock’s fragmentation, m; pG – detonation 

products pressure in the lines of detonation wave, Pa; 

σfd – ultimate strength, fitted its intensive finely-

divided fragmentation (Pa), depends on a rock 

strength according M.M.Protodiyakonov f, is   

( ) ( )[ ] 82
10150019,015079,0113 −+−+= fffdσ , 

when 5,5≥f  and   

fdσ = cσ10 ,  when 5,5≤f ; 

τfd, σt  - shear strength and uniaxial tension, Pa. 

From the formulas above it is seen that this method 

lets to measure size of fragmentation zone with explo-

sion of a charge considering rock properties stability 

and detonation explosive materials’ characteristics.  

Average physical and chemical properties of salifer-

ous rocks of the Sharlykskaya square (Russia) [8], that 

was used in measuring a size of fragmentation zone, 

are in table 1, where: ρ – density, kg/m
3
; σс, τs, σt - 

ultimate strength on simple compression, uniaxial 

shear and uniaxial tension, MPa; ср – propagation ve-

locity of longitudinal elastic waves, m/s; Е - elastic 

modulus, MPa.  

Table 1: Physical and chemical properties value of 

saliferous rocks  

Solid 

`Mineral 

composi-

tion 
ρ Ср 

Е 

(Ед), 

104 
σс σt τs 

polyhal-

ite-halite 
2430 4240 

1,74 

(4,38) 
32,10 1,86 8,51 

Polyhal-

ite 

(hole 1) 
anhy-

drite-

polyhalite 

2820 4920 (5,63) 62,16 3,40 16,47 

hylite-

polyhalite 
2600 4880 

2,53 

(6,18) 
44,48 5,37 11,78 

Polyhal-

ite 

(hole 2) 
anhy-

drite-

polyhalite 

2740 5080 (7,06) 69,88 4,46 18,52 

 

Results of measuring a size of fragmentation 

zone in holes with different diameters for charges with 

explosive materials with the following characteristics 

ρ = 1600 kg/m
3
, D = 7000 m/s are in the table 2.  

Table 2: Results of measuring a size of fragmenta-

tion zone (m)  

Solid 

Mineral 

composi-

tion 

b* bτ, 

 d, mm 150 200 250 150 200 250 

hylite-

polyhalite 
0,58 0,78 0,97 2,53 3,38 4,22 

Polyhal-

ite (hole 

1) 
anhy-

drite-

polyhalite 

0,42 0,56 0,70 1,82 2,43 3,04 

hylite-

polyhalite 
0,50 0,66 0,83 2,15 2,87 3,59 

Polyhal-

ite (hole 

2) 
anhy-

drite-

polyhalite 

0,40 0,53 0,66 1,72 2,29 2,86 
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Table 2: Continuation 

Solid 
Mineral com-

position 
bо 

 d, mm 150 200 250 

hylite-

polyhalite 
7,67 10,21 12,78 

Polyhalite 

(hole 1) anhydrite-

polyhalite 
5,67 7,56 9,45 

hylite-

polyhalite 
4,51 6,02 7,52 

Polyhalite 

(hole 2) anhydrite-

polyhalite 
4,95 6,60 8,25 

 

According the results of measuring, sizes of fragmen-

tation can have wide limits and it depends on physical 

and chemical properties of crushing solid, charge di-

ameter, and also energetic characteristics of the explo-

sive material.  

With the increasing of charge diameter, sizes of frag-

mentation zones and fracturing increases almost pro-

portionally. It is important to notice that increasing of 

cylindrical charge diameter influence on process of 

solid fragmentation close to explosion zone.  

In mining and processing of mineral products funda-

mental importance is on intensively and equability of 

rock mass fragmentation. The parameters for regulat-

ing of rock mass solids fragmentation are explosive 

ratio and type, diameter and especially charge con-

struction.  

The construction of combined explosive material 

charge is on fig. 2 [8].  

Figure 2. Combined explosive material charge  

in a productive stratum: 
1 – productive stratum; 2 – horizontal part of  vertical-

horizontal borehole; 3 – case pipe; 4 – hydroseal;  

5 – multicharge wrapper; 6 – inert insert; 7 – logging 

cable; 8 – blasting charges; 9 – air space; 10 – under-

lying formation; 11 - blank plug 

Combined charge is made of explosive sticks in a 

form of cylindrical form bank with open-ended flush-

ing hole (fig. 3). 

Charges are constructed in to sections with several 

banks, and banks are made of certain amount of ex-

plosive sticks.  

 

Figure 3: Charges explosive 

Charge diameter, explosive type are chose according 

technical and economical analysis on boring, cost of 

explosive, its delivery and recharging, mainly will be 

appointed by productive formation thickness, which 

should be ready for removal.  

This borehole mining method, compared to current 

methods, let to get productive effluents  (for insoluble 

minerals) and freezing mixtures (for soluble minerals) 

from initial stage of horizontal bin development. All 

processes are made via vertical-horizontal borehole 

with only mining vehicle, what increase profitability 

and safety because of people absence in underground 

conditions. 

3. CONCLUSIONS 

The possibility and effectiveness of activation of salt 

rocks with explosive energy usage of industrial explo-

sive (conversion energetic material) for identification 

of hydraulic borehole mining in vertical-horizontal 

boreholes is shown.  

It was established that the destruction of rocks de-

pends on different factors, the main among them is 

physical and mechanical properties of rocks and mode 

of occurrence, the volume density of explosive energy. 

Dimension zones of destruction of soluble and insolu-

ble salt rocks depending on their structural behavior 

and explosive energetic characteristics of energetic 

materials employed was analyzed by using phe-

nomeno-logical quasistatic undular theory.  

Regulation characteristics of rocks fragmentation by 

explosion of industrial energetic material and charge 

construct for hydraulic borehole mining of rocks from 

horizontal tube was analyzed. 

Noted, that considering physical and mechanical prop-

erties of rocks, mining and geological conditions, a 

diameter of load, and a type and quantity of energetic 

material placed in horizontal part of borehole, it is 

possible to regulate specified size of zones of destruc-

tion with particular size of elements in order to com-

plete overlap of the productive layer, as a result of that 

a fuller exhaustion of mineral deposits is achieved. 
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ABSTRACT 

The production technique of mechanoactivated 

energetic composition (MAEC) based on aluminium 

and potassium perchlorate (PP) has been developed. 

The optimum conditions of mechanical activation 

were found so that the maximum homogenization of 

the mixture was provided in the absence of the 

reaction between reagents in the course of their 

treatment. The structure of MAEC was studied by X-

ray diffraction analysis, scanning electron microscopy 

and chemical analysis. The results of research of 

burning and explosive properties (deflagration to 

detonation transition (DDT), friction sensitivity) of 

MAEC have been received. It has been found that the 

detonation-like process in Al/PP MAEC is formed 

faster than in other types of solid oxidizer-fuel 

mixtures. For loose-packed samples the DDT length 

changed from 0.4 up to 6 cm depending on structure 

of a mix and time of activation. Burning rate of 

pressed samples (0.85-0.90 TMD) was varied from 20 

up to 120 mm/s. The sensitiveness of Al/PP MAEC to 

frictional stimuli has been studied using friction 

apparatus (apparatus K-44-III, impact friction test). 

The sensitivity of activated compositions was found 

very high (at a level of lead azide). The data about the 

influence both of the ageing and activation time on 

sensitivity have been received also. The short DDT 

lengths and high sensitivity of Al/PP MAEC makes it 

possible to consider them as perspective components 

of the new igniting compositions for the initiating 

devices. 

1. INTRODUCTION  

One of new ways of manufacturing of new energetic 

materials with increased speed of energy release at 

processes of combustion and detonation is 

mechanochemical activation of initial mixes from 

powders of the micron size in ball mills. During 

mechanical treatment there is a crushing and hashing 

of initial particles at a submicron level, and also 

formation of defects of crystal structure of materials 

that allows essential increasing reactivity of the mixes. 

The results received earlier on mechanical activation 

of mixes on the basis of different solid oxidizers and 

metals have shown perspectivity of the this line of 

investigation for manufacturing of mechanoactivated 

energetic composites (MAEC) with high speeds of 

self-maintained chemical reactions in conditions of 

burning and a detonation (Dolgoborodov et al 2006, 

2011, 2012, Dreizin and Schoenitz 2009). The new 

results of investigation on the deflagration to 

detonation transition (DDT) and sensitivity of MAEC 

on the basis of aluminium Al with potassium 

perchlorate (PP) and ammonium perchlorate (AP) are 

presented in this paper. 

2. MATERIALS 

For preparation of the mixes, regular powders of 

perchlorates (50-100 microns), and Al powders - 

pyrotechnic powder PP-2 (flake particles 50 - 200 

microns by thickness 2-5 microns) and nanosized 

Al(8) (a specific surface 8 m
2
/g, the average size of 

particles about 280 nm) were used. Al(8) powder was 

synthesized at the State Research Institute of 

Chemistry and Technology of Organoelement 

Compounds on the plasmatron (plasma recondensation 

setup) 

The components were mixed and activated an 

Activator-2SL planetary ball mill (JSC "Activator", 

Novosibirsk) with steel balls and drums and with 

water cooling. The weight ratio between the balls and 

the powder was about 30. To prevent the reaction 

between the components at the stage of preparation, 

activation was carried out in a liquid medium (hexane) 

in 60-s cycles, with stops to cool the mixture and 

prevent its overheating. The total treatment time 

ranged from 2 to 60 minutes. After treatment the 

powder samples were dried. The dried product 

consisted of rather large agglomerates, the size of 

which was reduced by sifting on sieves with mesh 

sizes of 0.4 mm. The initial powders and prepared 

MAEC were analyzed by X-ray diffraction (Dron-3 

diffractometer) electron microscopy and elemental 

microanalysis (JEOL JSM-7401F microscope). 
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3. EXPERIMENTAL 

The investigations of burning of pressed samples, 

deflagration to detonation transition (DDT) for the 

loose-packed charges and the sensitivity of 

mechanical action have been carried out for obtained 

MAECs. The dependences of burning rate on pressure 

and time of activation, lengths of transition in a 

detonation (LDDT) and detonation velocities (D) on 

composition of mixes and time of activation are 

received. 

a) 

 
b) 

Figure 1: Dependences of burning rate of pressed 

charges Al/PP (30/70) on the activation time 

(a) and pressure (b). 

2.1 Burning of pressed samples 

For MAEC Al / PP, which has practical significance 

for the creation of pyrophoric compounds, were 

measured burning rates in pressed charges with the 

relative density of 0.85-0.90. The charges of Al/PP 

(30/70) of 12 mm in height 9 mm in diameter were 

used in the experiments. Burning rate was determined 

by measuring the pressure rise in the combustion 

gases in a nitrogen atmosphere at an initial pressure of 

20 to 80 atm. The dependences of the combustion rate 

of the activation time Tact and the initial pressure in the 

chamber (see Fig. 1). With increasing Tact from 2 to 17 

min burning rate quickly increases from 25 to 200 

mm/s, with a further increase Tact burning rate slows 

down and reaches a maximum value 220 mm/s for 

mixtures Tact = 30 min. The dependence of the burning 

rate on the pressure was determined for the mixture 

with Tact = 10 min (see Fig. 1b), experimental data are 

well described by the dependence u=1.93•P
0.51

.  

In general, data on combustion velocities of pressed 

samples showed that mechanical activation can 

regulate burning rate within a wide range and have a 

record rate of combustion pyrophoric compounds (the 

burning rate of unactivated compositions typically <1 

cm/s). Unusually strong dependence of burning rate 

on pressure for activated composites also showed that 

the process produces a sufficiently large number of 

intermediate products in gaseous form, despite the fact 

that the final products of solid (Al2O3 and KCl). 

2.2. DDT 

The study of DDT was carried out in steel and 

duralumin tubes with a diameter of 10 mm at a 

porosity of samples about 80%. The initial mixture in 

portions poured into the tube and compacted to the 

same charge density. Ignition is carried out by heating 

a mixture of nichrome wire placed in the closed end of 

the tube. The process velocity was measured by 

detecting the luminescence of the reaction products 

using photodiodes and optical fibers, which were used 

for the transmission of the light emission. Optical 

fibers were introduced into the charge to half the 

diameter, which excluded the effect of the registration 

of the possible flashback along the walls of the tube. 

The dependences of LDDT and D on the composition of 

the mixtures and the activation time are obtained. 

Depending on Tact and the composition of mixtures for 

charges Al/PP LDDT ranges from 0.4 to 7 cm, and D = 

1100-1700 m/s. For MAEC Al/AP LDDT was less than 

1 cm, but the exact value could not be determined due 

to the complete destruction of the steel tubes after the 

experiments. 

 
b) 

Figure 2: Dependence of detonation velocity of 

loose-packed charges Al/AP (20/80) on the 

activation time. 

Measurements of D for Al/AP were carried out at a 

distance of 80 mm from the point of ignition. With 

increasing Tact from 2 to 10 min process speed 

increases sharply from 100 to 2700 m/s and with a 

further increase Tact D gradually decreases to 2300 

m/s. D(Tact) for MAEC Al/AP (20/80) is shown in Fig. 

2. The main part of the experiments carried out to 
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MAEC with a storage time of 7-10 days. If you 

increase the storage time of up to 2-3 weeks, the rate 

of combustion and detonation did not change within 

the measurement error of 5%.  

The process of formation of the detonation front in the 

Al/PP composition was investigated by detecting 

visible emission from the products. The initial mixture 

was backfilled into a duralumin tube of diameter 18 

mm and height from 15 to 300 mm. The porosity of 

the charges was 75%. Optical window made of 

PMMA, LiF or glass K-8 was mounted at the butt of 

the charge. The emission intensity at wavelength of 

623 and 420 nm was measured by the two-channel 

pyrometer. The character of the emission changed 

depending on the length of the charge. The rise time of 

the signal to its maximum magnitude decreased with 

increasing charge length. The averaged over two 

wavelengths brightness temperature time-histories of 

detonation products recorded at the interface with 

PMMA window are shown in Figure 3. 

 
b) 

Figure 3: Brightness temperature time-histories of 

the products at the interface with PMMA 

window for DDT Al/PP 30/70 charges of 

different lengths (digits - the length of the 

charge in mm) 

Earlier, similar measurements were performed for 

MAEC nSi/AP (Dolgoborodov et al 2012), the 

transition to a steady-state detonation was observed at 

the charge lengths of more than 90 mm. For MAEC 

Al/PP detonation-like process is seems to be formed 

much faster. So, when the process developing, at the 

bases close to 20 mm, it is observed a sharp increase 

in the light intensity (rise time about 5 mcs), while at 

the 40-mm base a shock wave is formed with a fairly 

sharp front (rise time less 1.5 mcs). At charge length 

of 60 mm, it was recorded peak amplitude of the 

signal with rise time <1 mcs. Further length growth 

results in some decline of the amplitude of the signal, 

and it were set to 150 mm process with double-peak 

structure and a large enough rise time. When using 

LiF windows of higher dynamic impedance compared 

to PMMA, the maximum temperature at the peak was 

increased slightly, while the two-peak structure was 

not observed for a windows made of the "thick" disks 

of glass Kron-8. The reasons of the formation of two-

peak temperature profiles are not still clear, but the 

whole body of the data on products luminescence 

measured at the butt of the charge lead us to the 

assumption that the transition of deflagration to 

detonation in loose-packed Al/PP charges going 

through a stage of overdriven detonation. To test this 

hypothesis, experiments were conducted to study the 

variation in the speed of the process over the charge 

length, which was placed into the duralumin tube 18 

mm in diameter. The speed of process was measured 

by electrical pins. The maximum velocity 2000 m/s, 

was obtained at the base from 40 to 60 mm, and at 

larger length the velocity was measured to decrease to 

the value of about 1500 m/s, which in further remains 

constant. Thus, the assumption of the formation of a 

detonation through a stage of overdriven detonation 

can be considered quite fair. 

a) 

 
b) 

Figure 4: Dependences of lower limit of the sensitivity 

to friction Al/PP (30/70) on the activation time 

(a) and storage time (b). 

2.3. Mechanical sensitivity 

A high reactivity of Al/PP and Al/AP MAEC affect 

also on their mechanical sensitivity. For Al/oxidizer 

compositions, we obtained the data on the sensitivity 

to friction, by subjecting them to impact shear stress, 

and on the influence of aging on the sensitivity of the 

Al/PP MAEC. Experiments were performed on a K-

44-3 pendulum impact test machine. The sensitivity 

was assessed by the lower limit of the sensitivity to 

friction Pll, which is determined experimentally as the 

maximum pressure of pressing of the explosive 

sample at which there no single explosion occurs in a 
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series of 25 tests. A step change in pressure was 1.0 

MPa. We studied the effect of time of activation and 

the aging on the value of Pll for Al/PP MAEC. The 

results are shown in Fig. 4. The findings showed that 

the most sensitive are freshly prepared composites 

(storage time 4 days). Pll value of this composite is 

very small and 5 MPa, which is considerably less than 

the lower limit of lead azide, for which Pll = 30 MPa. 

The effect of aging (Pll increasing because of the 

passivation when exposed to air) is apparent within 6 

weeks after preparation. With further storage was of 

Pll does not change and is 24 MPa, which indicates 

their extremely high sensitivity to friction. The 

explosive transformation MAEC shear accompanied 

by a strong sound effect, a bright flash. During the test 

was recorded in case of explosive detonation mode 

conversion, leading to the destruction of impactor. For 

comparison, Fig. 4b shows the dependence of Pll on 

the storage time for mixtures of nSi/AP. As follows 

from the data Al/PP MAECs are more susceptible to 

friction shear than composites containing nanosilicon. 

3. CONCLUSIONS 

The short length of the transition to detonation and 

high sensitivity of MAECs Al + perchlorates allows us 

to consider them as possible components of new 

initiating and incendiary compositions. 
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ABSTRACT 

The research of physical stability of pyrotechnic 

compounds for treating oil reservoirs  completed with 

perforation was performed. It was determined by 

methods of thermal differential analysis and infrared 

spectroscopy that the hexachlorethane sublimation 

was the reason of physical properties instability of 

pressed slabs of a pyrotechnical component. 

The regularities of slab mass changes during short- 

and long-term storage were determined, slabs were 

produced from pyrotechnic compounds based on 

ammonium perchlorate and polymers containing 

chlorine and fluorine. Chlorinated polyvinylchloride 

does not possess stabilizing effect, however, it can be 

used as a component of pyrotechnic compound for 

treating carbonate formations. 

The stabilizing effect of polytetrafluorethylene is 

determined, it is attributed to the fact that 

polytetrafluorethylene, being a very plastic substance, 

clogs up pores and capillaries, thereby preventing the  

going out of gas phase at slab limits. Pressed slabs of a 

pyrotechnic compound, containing hexachloroethane, 

keep their performance characteristics, mass and 

dimensions when stored more than one year, the 

content of polytetrafluorethylene being more than 

20%. 

1. INTRODUCTION  

Casing perforation is very important in oil production 

technology.  It implies the implementation of pressure 

communication between a reservoir and a well after 

the running of an operating column and cement 

injection between this column and the reservoir. In 

most cases, the casing perforation is performed by an 

explosive method with special perforating explosive 

equipment, that is, cumulative perforators. During the 

penetration into the reservoir, jet stream breaking 

through perforation tunnels in the bottom-hole area 

changes the structure of void space in near-tunnel 

area, worsening its reservoir properties and not 

permitting to get potentially-enable well-flow rates. In 

this regard, after the perforation, the necessity to carry 

out additional activities on intensifying reservoir 

recovery arises. One of the most common and efficient 

methods of intensification of oil recovery is acid 

treatment. The treatment of carbonate reservoirs is 

performed by hydrochloric acid solution and 

terrigenous reservoirs are treated by the mixture of 

hydrochloric acid and fluohydric acid, which is also 

called as drilling mud acid. However, from the 

engineering, technical and economic points the 

abovementioned method is inefficient and 

unprofitable, especially in free market economy. The 

causes are the duration and   complexity of 

technologies, the usage of substantial quantities of 

chemical agents, large expenditures on their 

transportation, storing, preparation of working 

solutions and their pumping into the bottom hole from 

the well-head; units and transport carriers connected 

with the increased environmental hazards being used.        

To overcome the abovementioned drawbacks a new 

method of complex well perforation permitting to 

perform simultaneously perforation and thermal acid 

treatment of bottom-hole area has been developed at 

the department of Technology of Solid Chemical 

Substances of Kazan National Research Technological 

University.  

The proposed method is implemented by placing a 

chemically active element having a cylindrical form 

with an axial channel before the cumulative charge. 

During explosive transformation the chemically active 

element can generate hydrochloric acid (for carbonate 

reservoirs) or drilling mud acid (for terrigenous 

reservoirs). For commercial purposes the energy rich 

formulation of the chemically active element is 

pressed into the retainer bushing of the cumulative 

charge of the perforator (see Fig.1). When the base 

charge of explosives is activated (3) it initiates the 

chemically active element (6), and highly heated light-

end products of its decomposition swoop down into 

the holes through the tunnel following the stream. As 

the result of the directed flow of high activity heated 

gaseous acid directly into the tunnel formed by the 

cumulative stream the thermal gas chemical impact on 

the canal area of the reservoir occurs. Herewith, as the 
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research results indicate, during such impact on the 

reservoir, both the improvement of filtration 

characteristics of the canal area and the increase of 

perforation tunnel dimensions take place, viz. the 

diameter is increased by 1.2-1.5 times and the depth 

rises by up to 1.2 times.  

 

1 – shock absorber, 2 – body, 3 – explosive charge,  

4 – casing,  5 – collar, 6 – chemically active element 

Figure 1: Cumulative charge with a chemically. 

During the storage of the pilot lot it became clear that 

pressed samples of the chemically active element for 

the treatment of carbonate reservoirs were physically 

unstable. The considerable growth of the height and 

diameter of explosion cartridges as well as the weight 

loss (to 18%) and structure shattering (see Fig.2) is 

observed. The uncontrolled growth of cartridges and 

the change of their composition can negatively 

influence both the safety of cartridge handling and 

functional characteristics. It was noted that the 

cartridges of the chemically active element designed 

for the treatment of terrigenous reservoirs did not 

undergo considerable changes. 

 

 

Figure 2: Cartridges of the chemically active 

element after 6 months of storage. 

The provision of physical stability of commercial 

pyrotechnic compounds is the essential real-world 

problem, as in Russia there are strict requirements 

concerning guaranteed storage life of such materials, it 

is no less than 1 year. 

As it may be supposed, polytetrafluorethylene (PTFE) 

has stabilizing effect in the cartridges of the 

chemically active element designed for the treatment 

of terrigenous reservoirs. The goal of the research is 

the identification of regularities and mechanism of the 

stabilizing effect of polytetrafluorethylene. 

2. METHODOLOGY 

Two types of chemically active elements are used in 

the research: 

1) the chemically active element designed for the 

perforation and treatment of carbonate reservoirs 

contains 50%. wt. of ammonium perchlorate (APC) as 

an oxidizing agent and 50% of hexachloroethane 

(HCE) as a combustible and acid-generating 

component; 

2) the chemically active element for the treatment of 

terrigenous reservoirs contains 50% of ammonium 

perchlorate, 25% of hexachloroethane, 25% of 

polytetrafluorethylene. Polytetrafluorethylene is used 

as a combustible and acid-generating component (for 

the formation of fluohydric acid).  

As an alternative substitution for hexachloroethane the 

chemically active element polyvinylchloride 

chlorinated (PVC) was suggested to use in 

formulations. 

To determine the regularities of the stabilizing effect 

of PTFE the series of experiments were conducted to 

study the change of the weight of pressed cartridges 

during the storage at normal temperature and at 

temperatures 50ºС and 70ºС during 2 hours after 

manufacturing. PTFE substituted for a  part of 

hexachloroethane in the chemically active element 

designed for the treatment of carbonate reservoirs. 

The method of differential thermal analysis (DTA) to 

define the temperatures of phase transitions occurring 

in compositions of the chemically active element 

during heating, thermal stability and chemical 

compatibility of components is used. 

3. RESULTE 

The research determined that PTFE possessed strongly 

marked stabilizing effect even if the content was small 

(about 5%), loss in sample weight made up only 0.3-

0.4%. As ammonium perchlorate is a stable substance, 

both chemically and physically, the temperature of 

thermal decomposition beginning being about 300 ºС, 

it can be supposed that loss in weight occurs owing to 

the hexachloroethane sublimation  (the traces of a 

liquid phase were not observed). The authors assumed 

that the stabilizing effect was connected with the fact 

that PTFE, being a very plastic, bridged over pores 

and capillaries, preventing thus the release of a gas 
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phase at the cartridge border. However, the 

formulations containing PTFE can not be used for the 

treatment of carbonate reservoirs as the formed salts 

of fluohydric acid while precipitating contaminate 

void space of near-canal zone. For this reason, the 

search of other substances having similar properties of 

a combustible and acid-generating component but 

without disadvantages of hexachloroethane, in 

particular, the sublimation low temperature is a 

promising direction in the solution of the stabilization 

problem. 

Based on the analysis of properties of various 

chlorine-containing components, polyvinylchloride 

chlorinated containing 64% mass weight of chlorine 

was suggested as an alternative to hexachloroethane.   

Thermodynamic calculations indicated that  

polyvinylchloride chlorinated in the mixture with 

ammonium perchlorate permitted to get hydrogen 

chloride with the mass weight up to 0.5 with reference 

to the weight of the initial solid formulation. The main 

disadvantage of these mixtures is considerably less 

density of pressed cartridges in comparison with the 

formulations containing hexachloroethane, that, in the 

context of limited dimensions of the product, 

contributes less to the efficiency of chemical agents. 

The application of hexachloroethane appears to be 

more profitable as the increased density and chlorine 

content (90%) make it attractive for using in complex 

perforation.  In this regard, the research of 

formulations containing both polyvinylchloride 

chlorinated and hexachloroethane in the composition 

of a chemically active element is of interst. As 

polyvinylchloride chlorinated is a polymer with good 

enough plastic properties and has high thermal 

stability (about 200 °С) and has no phase transitions, it 

can be expected to get the stabilizing effect of this 

component by analogy with polytetrafluoroethylene. 

Using the method of differential thermal analysis 

(DTA) the research of the two-component formulation 

containing 50% of ammonium perchlorate and 50% of 

polyvinylchloride chlorinated, and the three-

component formulation containing 50% of ammonium 

perchlorate, 30% of hexachloroethane, 20% of 

polyvinylchloride chlorinated when they were fresh-

prepared and after 6 months of storage was carried 

out. The results of research are given in Figures 3 and 

4 as curves  of DTA and thermogravimetry (TG). 

 

Figure 3: Thermogravimetry of the formulation: 

50 % ammonium perchlorate and 50% 

polyvinylchloride. 

 

Figure 4: Thermogravimetry of the formulation: 

50 % ammonium perchlorate, 30 % 

hexachloroethane. 

The analysis of the two-component formulation 

indicates that it has endo- and exo-effects which are 

characteristic of  individual substances composing it, 

that is, 202-205°С is the beginning of thermal 

decomposition of polyvinylchloride chlorinated 

accompanied by the loss in weight at the curve TG; 

238-252°С is polymorphic transformation of 

ammonium perchlorate (the change of a rhombic 

structure into a cubic one); 310°С is the beginning of 

thermal decomposition of ammonium perchlorate. 

During this process the decrease of decomposition 

beginning temperature of the least thermal stable 

component, polyvinylchloride chlorinated, is not 

observed. It can be assumed that the components of 

the formulation do not react with each other. There are 

no changes in the thermogravimetry after 6 months of 

storing. It testifies to the physical and chemical 

stability of the formulation. Slight deflections in the 

temperatures of phase transitions and beginning of the 

thermal decomposition are explained by the 

experimental uncertainty. 

The reverse occurred with the three-component 

formulation containing hexachloroethane. The fresh–

prepared formulation has also endo- and exo-effects 

similar to individual substances, that is, 54-57°С, 

polymorphic transformation of hexachloroethane (the 

change of a rhombic structure into a triclinate one); 

155°С is the beginning of thermal decomposition of 

hexachloroethane. After 6 months of storage the 

formulation has no thermal effects which are 

characteristic of hexachloroethane and is practically 

identical to the two-component formulation of 

ammonium perchlorate and polyvinylchloride 

chlorinated. It permits to make the conclusion about 

the complete sublimination of hexachloroethane 

during storage. However, the possibility of chemical 

interaction of mixture components cannot be excluded 

To check the formulations on the possibility of 

chemical interaction between the components of the 

chemically active element the research of the fresh-

prepared formulation of 50% of ammonium 

perchlorate. 30% of hexachloroethane, 20% of 

polyvinylchloride chlorinated and the research of the 

same formulation kept during 6 months was carried 

out by means of infrared spectroscopy. The infrared 

spectrum of the fresh-prepared formulation contains 

absorption bands: 

• 3290, 1425, 1112, 625 cm
–1 
relating to ammonium 

perchlorate; 

a b 

b a 



Liaisan Kh. Badretdinova, Alexander A. Mokeev, Alexander A. Marsov 

 4 

EGC 2013 

• 782, 673 cm
–1 
relating to hexachloroethane; 

• 743, 165 cm
–1 

relating to polyvinylchloride 

chlorinated; 

• absorption bands in the region of 3403, 2924, 1620 

cm
–1 
   can be related both to hexachloroethane and 

polyvinylchloride chlorinated; 

• absorption bands in the region of 2360 cm
–1 
     can 

be related to any of the components. 

The infrared spectrum of the formulation kept during 

6 months contains absorption bands: 

• 3297, 1421, 1080, 625 cm
–1 

    relating to 

ammonium perchlorate; 

• 741, 1654 cm
–1 

relating to polyvinylchloride 

chlorinated; 

• absorption bands in the region of 2360 cm
–1 
     can 

be related to any of the components. 

It can be concluded from the analysis of infrared 

spectra that there is no chemical interaction between 

the investigated components of the chemically active 

element even during long-term storage (peaks typical 

for new chemical compounds are not detected). 

Herewith, there are no traces of hexachloroethane after 

6 months of storage, it confirms the suggestion about 

its sublimation as the main cause of instability of 

pressed cartridges of the chemically active element.  

To find out if polyvinylchloride chlorinated possesses 

the stabilizing effect by analogy with 

polytetrafluoroethylene the regularities of the weight 

change of pressed cartridges at various content of 

polyvinylchloride chlorinated and hexachloroethane 

were established. As the cartridges are designed for 

using in package with cumulative charges of the 

perforator in borehole environment the following 

conditions for conducting the experiments were 

chosen, viz. the exposure time being 2 hours, the 

exposure temperature being 100ºС. The choice of 

conditions can be justified by the fact that perforating 

at the oil deposits of Russia    is predominantly carried 

out  according to cable technique (a perforator goes 

down by the cable line), and the duration of going 

down does not exceed 2 hours, the bottom hole 

temperatures of the majority of  oil deposit also do not 

exceed 100ºС. The research results are given at Figure 

5.  

Analyzing the obtained data it should be noted that the 

formulation 50 APC-50 APC remains stable even at 

increased temperature (1% loss in weight can be 

connected with water evaporation).  When 

hexachloroethane was introduced into the formulation 

the cartridges began to lose weight considerably.  

Moreover, the loss in weight practically corresponds 

to the percentage of hexachloroethane. According to 

this regularity it can be assumed that the loss in weight 

occurs owing to hexachloroethane sublimation. The 

increase of polyvinylchloride chlorinated                 

content does not lead to the expected stabilization of 

the cartridge in regard to the loss in weight. 

 

 Figure 5: Weight change. 

The sublimation of hexachloroethane from pressed 

cartridges can be excluded providing the reliable 

hermetization of the product, however, the application 

of sealing materials during the product usage in 

borehole environment is undesirable owing to the risk 

of pollution of the perforation tunnel. Figure 6 shows 

he photos of the samples of the chemically active 

element   with the pressed-in compounds 50% 

APC+30% HCE+20% PVC and 50% APC+50% 

PVC. The first sample was hermetically sealed by 

polymer film and adhesive, the second sample was 

open. After 6 months of storage in a heated warehouse 

the samples undergo no changes as regard both 

dimensions and weight. The structure of the canal also 

remained as there is no shrinking or loosening of 

energy rich material. 

 

а – APC / HCE / PVC formulation= 50/30/20 with a 

sealing film,  

b –APC / APC formulation = 50/50 

Figure 6: Cartridges of the chemically active 

element after 6 month storage. 

 4. CONCLUSIONS 

The research of the physical stability of energy rich 

compounds of the chemically active element for the 

treatment of carbonate oil reservoirs is performed. It is 

established by differential thermal analysis and 

а b 

а b 
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infrared spectroscopy that hexachloroethane 

sublimation is the cause of instability of physical 

characteristics of pressed cartridges of the chemically 

active element.  

The stabilizing effect of polytetrafluoroethylene, grade 

PTFE, is established, it is explained by the fact that 

PTFE being a very plastic substance, bridges over 

pores and capillaries, preventing thus the release of a 

gas phase at the cartridge border. Polyvinylchloride  

does not possess the similar stabilizing effect, 

however, it can be used as a physically stable 

component of the formulation of the chemically active 

element. Pressed cartridges not containing 

hexachloroethane  preserve the weight and 

geometrical dimensions when stored in a heated 

warehouse during 6 months. 
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ABSTRACT 

The NATO Support Agency (NSPA) is NATO’s 
Integrated Logistics and Services Provider agency, 
fully customer-funded, operating on a “no profit - no 
loss” basis. The NSPA brings together in a single 
organization NATO’s logistics and procurement 
support activities, providing integrated multinational 
support solutions. 

Within NSPA’s portfolio of logistics support, NSPA is 
responsible for managing and providing technical, 
contractual and financial support for dismantling, 
demilitarization and destruction of stockpiled 
ammunition on behalf of the 24 members of the 
Ammunition Support Partnership (ASP), i.e. 22 
NATO countries and 2 associate members, and for 
NATO’s Partnership for Peace (PfP) Trust Funds. 

Within the ASP framework, NSPA is not allowing 
techniques that involve uncontrolled emissions of the 
by-products deriving from the burning or detonation 
of explosive materials, i.e. Open Burning (OB) or 
Open Detonation (OD) to ensure a fair tender process 
and to ensure compliance with the relevant 
environmentally standards associated with industrial 
processing, even if such techniques are authorized by 
the national regulations of the country in which the 
demilitarization takes place. 

Within the NATO Trust Fund framework, NSPA 
recognizes that there are circumstances where for 
industrial capability availability, safety, military 
operational expediency, economic reasons, or even 
environmental reason, OB and OD as compared to 
industrial demilitarization are the best practical 
options. It is therefore accepted that provided OB/OD 
is carried out with the right materials, the right 
quantities, at the right location and with effective 
processes and controls, then it can be environmentally 
acceptable. 

NSPA’s Ammunition Support Branch has 20 years of 
experience in management of ammunition 
demilitarization contracts and is well placed to provide 
technical and contractual support and overall project 
management. 

1. NATO SUPPORT AGENCY (NSPA) 

1.1 What is NSPA? 

The NATO Support Agency (NSPA) is NATO’s 
Integrated Logistics and Services Provider Agency, 
combining the former NATO Maintenance and Supply 
Agency (NAMSA), the Central Europe Pipeline 
Management Agency (CEPMA) and the NATO Airlift 
Management Agency (NAMA). The NSPA is a fully 
customer-funded agency, operating on a “no profit - 
no loss” basis. It employs some 1,200 staff and is 
headquartered in the Grand Duchy of Luxembourg 
(Capellen), with operational centres in Luxembourg, 
France, Hungary and Italy.  

The NSPA is the executive body of the NATO 
Support Organisation (NSPO), of which all 28 NATO 
nations are members. Those nations are represented in 
the NSPO Agency Supervisory Board (ASB) which 
directs and controls the activities of the NSPA.  

The NSPA brings together in a single Organisation 
NATO’s logistics and procurement support activities, 
providing integrated multinational support solutions 
for its stakeholders. Its creation falls within the 
framework of the new NATO approach to defence 
spending during austere times called Smart Defence of 
which Smart Support is a key element. 

1.2 What is the mission of NSPA? 

The NSPA’s mission is to provide responsive, 
effective and cost-efficient logistics support services 
for systems and operations. This support is provided – 
in times of peace, crisis and war, wherever required – 
to the NATO Alliance nations, the NATO Military 
Authorities and partner nations, both individually and 
collectively. The objective is to maximize the ability 
and flexibility of armed forces, contingents, and other 
relevant organisations to execute their core mission, in 
line with guidance provided by the North Atlantic 
Council. 

1.3 NSPA support to Nations? 

NSPA develops multinational logistics solutions 
which ensure that each nation receive the logistics 
support it requires. NSPA hosts more than 30 different 
Support Partnerships. This is a proven concept first 
established in 1965, which now has a long history of 
success.  
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The Logistics Operations segment of the NSPA is a 
grouping of multiple weapon and equipment system 
support capabilities, some of which are highly 
specialized. These are provided using multinational 
legal frameworks such as Support Partnerships (SPs), 
Support Conferences (SCs) and other bilateral and/or 
multinational agreements enabling the consolidation 
and centralization of logistics management functions 
across the NSPO Member States.  

Of particular interest to ammunition, NSPA portfolio 
of logistics support includes the following ammunition 
related services for members of the Ammunition 
Support Partnership (see section 3.1) and NATO Trust 
Funds (see section 4.1): 

 Project management (turn-key solutions) and 
technical assistance  

 Procurement including one-off procurement 
of off-the-shelf items to meet special mission 
requirements, Dismantling, Demilitarization 
and Disposal  

 
NSPA is also committed to achieving the highest 
standards of environment performance, preventing 
pollution and minimizing the impact of its services 
and activities on the environment. The NSPA 
"General Services" Programme is ISO 14001 certified 
since September 2011. 

1.4 Definition 

Definition of pyrotechnics used in this article. 
According to the Allied Ordnance Publication (AOP) 
38 Edition 4 (2006) a pyrotechnic composition is a 
substance or mixture of substances which when 
ignited, undergoes an energetic chemical reaction at a 
controlled rate intended to produce on demand and in 
various combinations, specific time delays or 
quantities of heat, noise, smoke, light, or infrared 
radiation. They are used in matches, incendiaries, and 
other igniters; in fireworks and flares; in fuses and 
other initiators for primary explosives; in delay trains; 
for powering mechanical devices; and for dispersing 
materials (McGraw-Hill, 2013).  

 

2. NATIONALLY FUNDED SUPPORT 

2.1 Framework 

The Ammunition Support Partnership (ASP) is 
composed of 24 members: 22 NATO nations, 
Belgium, Bulgaria, Canada, Czech Republic, 
Denmark, France, Germany, Greece, Italy, Latvia, 
Lithuania, Luxembourg, the Netherlands, Norway, 
Poland, Portugal, Romania, Slovakia, Spain, Turkey, 
United Kingdom, and the United States and 2 
associate members, Finland and Sweden, Partnership 
for Peace (PfP) nations, are Associate Members.  

Membership in the Ammunition Support Partnership 
provides access to a full range of ammunition support 
activities: Procurement, Demilitarization & Technical 
Services.  

2.2 Pyrotechnics Demilitarization 

2.2.1 General description  

NSPA awards contracts on behalf of its customers for 
the disposal of surplus and obsolete ammunition 
holdings, monitoring these contracts until completion.  

A demilitarization contract is awarded to the lowest 
offer among all technical compliant bids. These bids 
are evaluated according to technical requirements 
detailed in an associated statement of work (SOW) for 
the demilitarization. The contractor's objective is to 
select the safest and most cost-effective means of 
performing the demilitarization within the allotted 
timeframes taking into account international and 
national laws, regulations and recommendations in 
terms of military ammunition and explosives, 
environment, occupational health and safety during 
transport, storage and handling. For all 
demilitarization contracts, the ownership of the 
ammunition stays with the customer country until 
demilitarization is completed as evidenced by the 
government quality assurance responsible’s (GQAR) 
signature on the certificate of destruction.  

NSPA encourages contractors to make optimum use of 
Recycling, Reuse and Recovering (R3) of metals and 
energetic materials to ensure maximum environmental 
protection and reduce demilitarization costs whenever 
possible. However transformation of explosive 
materials for purposes of recycling or re-use may only 
be performed within nations which are a member of 
the ASP. 

Parts and components that must be disposed of shall 
be destroyed minimising or preventing the impact on 
the environment. The most common way to certify 
these elements free from explosives is controlled 
incineration or detonation. Within the ASP 
framework, NSPA is not allowing techniques that 
involve uncontrolled emissions of the by-products 
deriving from the burning or detonation of explosive 
materials, i.e. Open Burning (OB) or Open Detonation 
(OD) to ensure a fair tender process and to ensure 
compliance with the relevant environmentally 
standards associated with industrial processing, even if 
such techniques are authorized by the national 
regulations of the country in which the 
demilitarization takes place. 

2.2.2 Demilitarization of fireworks  

In 2009, NSPA was required by one of the ASP 
member nations to award a demilitarization contract 
for more than 25 tons of seized fireworks. Both 
consumer fireworks, with hazard classifications 1.3 G 
and 1.4G, as well as professional fireworks, ranging 
from 1.1 G to 1.4 G, were packed and stored under 
poor conditions as shown on Figure 1. However the 
material was inspected by relevant authorities and 
declared safe to move and handle.  
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Figure 1: Packaging of confiscated fireworks. 

Before transporting the fireworks, the selected 
contractor was requested to repack the material in 
accordance with the current regulations for the 
transport of dangerous goods by road bearing in mind 
the transportation constraints of explosive material on 
the respective national territories. The contractor was 
also responsible for all the preparation and processing 
of customs related formalities.  

Pyrotechnics were disposed of by controlled 
incineration in an explosive waste incinerator 
compliant with the Directive 2000/76/EC on the 
Incineration of Waste. 

The particularity was that the fireworks under this 
requirement were considered as waste so that all 
processes had to be in line with the following EU 
regulations:  

 Directive 2006/12/EC on Waste 
 Regulation (EC) 1013/2006 on Shipments of 

Waste 

2.2.3 Demilitarization of military pyrotechnics  

NSPA contracts cover all types of conventional 
ammunition including a wide variety of military 
pyrotechnics such as illuminating flares, infrared 
countermeasures, smoke devices for screening and 
signaling (Figure 2), tracer and incendiary 
compositions of bullets (Figure 3), etc. with hazard 
divisions from 1.1 to 1.4 and different compatibility 
groups such as B, C, D, G, L and S.  

 
Figure 2: Smoke devices for screening or signaling. 

 
The typical quantity range of military pyrotechnics to 
be disposed of usually vary between 15 % and 25 % of 
the contract’s gross weight. Although pyrotechnics 
represent only a small percentage of the stockpile 
earmarked for destruction, ‘they have the potential to 
absorb a disproportionate fraction of technical and 
financial resources’ (RASR, 2012). 

 

Figure 3: Cross section of a 12.7 x 99 mm Amour 
Piercing Incendiary Tracer bullet (TM 43-0001-27, 1994) 

 

Ecological acceptable procedures have been 
developed for the demilitarization and the disposal of 
pyrotechnics munitions (Short, 1980). Meanwhile 
industrial disposal procedures were developed by the 
demilitarization companies for processing large 
contracts and a wide range of military pyrotechnics 
with significant economies of scale. However no 
single demilitarization process is able to deal with the 
whole spectrum of (surplus) pyrotechnics. As a 
consequence, risks and costs increase when the 
demilitarization process necessitates extra handling, 
manipulation and the use of multiple technologies 
such as cutting, crushing or disassembling.  

Unlike for energetic materials such as high explosives 
e.g. TNT and Comp B, and smokeless powders, where 
the recovery and recovery rates may be as high as 
100%, the R3 process of pyrotechnical compositions 
is usually more difficult if not impossible. As a 
consequence, most demilitarization contractors 
dispose of pyrotechnics by controlled incineration. 

To reduce demilitarization costs, some of the 
contractors convert the thermal energy of the burning 
material by a turbine and a generator into electrical 
power.  

2.3 Pyrotechnics Procurement 

Ammunition procurement is one of the areas where 
substantial savings can be made by consolidating 
users’ requirements. Any conventional ammunition 
may be procured for land, air and navy use.  

NSPA procures ammunition necessary to meet its 
customers’ requirements from contractors located in 
any of the ASP nations through an international 
competitive bidding process. NSPA can also arrange 
transportation of ammunition directly from the 
producer to each customer; however NSPA does not 
store ammunition at any of its facilities at any time. In 
order to assure the quality of the procured 
ammunition, NSPA may, based on the STANAG 
4107, use the Government Quality Assurance (GQA) 
services of the contractor’s nation. 

NSPA experience in ammunition procurement is used 
to establish different types of contracts such as stand-
alone and multiple year contracts as well as outline 
agreements. Outline agreements are 5 year contracts 
with quantity bands for which firm fixed prices have 
been negotiated. Examples of some pyrotechnics 
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procured during the last financial year are provided 
below: 

 Stand-alone contracts: 
o cartridges 130 mm RF/IR Decoy BULL-

FIGHTER with AWO II for SRBOC; 
o Pen flares cartridges 16 mm, 26.5 mm, 38 mm 

of various colors; 
 Multiple year contracts (on-going) 

o multispectral vehicle launched smoke grenade 
76 mm RP-IR; 

 Outline agreements: 
o countermeasure chaff RR170 Mk 1 Type 1 for 

various chaff payload together with impulse 
cartridge; 

o low velocity grenades 40 x 46 mm with 
different payloads such as flash-bang, 
illuminating (Figure 4), smoke, tear gas.  

 

  

Figure 4: M992 40mm Infrared Illuminant Cartridge 

 

3. INTERNATIONALLY FUNDED SUPPORT 

3.1 Framework 

NATO’s Partnership for Peace (PfP) Trust Fund was 
established in 2000 under the Ottawa Convention to 
assist PfP countries with the safe destruction of stocks 
of anti-personnel landmines. 

The scope of the NATO/PfP Trust Fund Policy was 
subsequently extended to include the destruction of 
small arms, light weapons and surplus munitions, and 
to cover other Defence reform related activities. More 
recently, the area covered was enlarged to include the 
Mediterranean Dialogue and Istanbul Cooperation 
Initiative countries. 

The Trust Fund provides a legal framework and 
practical mechanisms for projects aimed at removing 
surplus weapons and ammunition from government 
inventories. 

NSPA’s Ammunition Support Branch has 20 years’ 
experience in demilitarization management and is well 
placed to provide technical and contractual support 
and overall project management. As the Executing 
Agent, NSPA handles the following aspects: 

 monitoring project implementation 
 preparing statements of work  
 issuing calls for tenders  
 reviewing tenders and awarding contracts  
 monitoring contracts 
 submitting progress reports on project 

implementation to the Lead Nation. 

In addition, NSPA is able to provide advice on matters 
such as the technical merit of proposals and plans for 
specific tasks related to the project. 

During project implementation, NSPA is responsible 
for payment authorization, quality assurance and 
verification and certification of work performed. 

Within the NATO Trust Fund framework, NSPA 
recognizes that there are circumstances where for 
industrial capability availability, safety, military 
operational expediency, economic reasons, or even 
environmental reason, OB and OD as compared to 
industrial demilitarization are the best practical 
options. It is therefore accepted that provided OB/OD 
is carried out with the right materials, the right 
quantities, at the right location and with effective 
processes and controls, then it can be environmentally 
acceptable. 

Examples of projects are provided below. 

3.2 Demilitarization of military pyrotechnics 

3.2.1 MZ-21 in Ukraine 

In the framework of a NATO Trust Fund in Ukraine 
lead by United States of America, NSPA was tasked 
as executing agent to manage the demilitarization of 
MZ-21 rockets. 

The 122mm MZ 21 free flight rocket contains 254 
incendiary sub munitions.  

  

MZ-21 Payload MZ-21 rocket motor 

 

MZ-21 sub-munitions 

 

The main demilitarization site chosen was licensed for 
open burning and open detonation, which are the most 
economical methods for destruction of MZ 21 rocket 
motors and the incendiary sub-munitions they contain. 

The layout of this area is shown in the plan below: 
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Layout of MZ 21 processing and demolition 

The MZ 21 breakdown process is summarised in the 
photographs below: 

  

Ammunition delivery 
vehicles 

Unloading boxed MZ 21 
rockets 

  

Preparing MZ 21 rockets for 
dismantling 

Removing launch motor 
from MZ 21 rockets

  

Removing MZ 21 rocket 
motor 

Stacking MZ 21 rocket  
motors 

 

All explosive components were destroyed by open 
burning except those identified as commercial 
explosives.  These elements were disposed of by 
selling them to enterprises in Ukraine. 

Open burning process for rocket motors (which was 
discontinued), incendiary sub-munitions and internal 
explosive components are illustrated in the 
photographs below: 

  
Loading rocket motors for 

transportation to demolition 
area 

Laying the “propellant 
train” 

  

Laying the “ignition train” Other explosive 
components 

(diaphragms/ejection 
charge) 

 

 

Preparing diaphragms for 
incineration 

Ignition of incendiary sub-
munitions 

 

Table 1: MZ-21 statistics 

Project Phases 
Quantity, 

items 
Weight, 

tons
Phase 1 48,862 4,886.2 
Phase 2 28,714 2,871.4 
TOTAL 77,576 7,757.6

 

3.2.2 Alazan in Georgia 

In the framework of a NATO Trust Fund in Georgia 
lead by the Republics of Estonia, Latvia, and 
Lithuania, NSPA was tasked as executing agent to 
manage the demilitarization of 5,750 Alazan and 
1,852 Kristal anti-hail rockets. 

Alazan and Kristal rockets are including a significant 
number of pyrotechnics (smoke) elements, the most 
important being respectively 630g and 1,100g of AgI. 



Van Beneden; Peugeot 

 6
EGC 2013

 

Kristal warhead details 

The process for Alazan rockets is summarised in the 
photographs below. 

  

Rockets arriving at 
workshop 

Rockets prepared  
for cutting 

  

Positioning rocket on 
cutting machine 

Remote cutting machine 

 

Time 5 fuzes being 
neutralised 

Warheads removed from 
Alazan rockets 

 

Loading warheads for 
transportation 

Detonation of warheads 

 
The original plan envisaged the processing of 
propellant recovered from missiles and rockets for use 
in the production of commercial explosives.  A 
number of techniques were trialled in early July 2009 
which proved unsuccessful. It was decided, therefore, 
that the recovered propellant should be destroyed by 
open burning at the minor explosive component 
destruction area. 

 

Laying propellant in 
burning pit 

Propellant burn 

 

3.2.3 Fuzes in Ukraine 

In the framework of a NATO Trust Fund in Ukraine 
lead by the United States, NSPA was tasked as 
executing agent to manage the demilitarization of VS-
6, BM-30 and AP-5 fuzes.  

The demilitarization process consisting of dismantling 
and controlled incineration using a NATO Trust Fund 
funded explosive waste incinerator (EWI) with a 
pollution abatement system that includes also a 
mercury control system is summarised in the 
photographs below. 

 

Fuses boxes unloading Boxes opening 

 

EWI EWI parameters Monitoring 

 

Operator EWI refueling 

 

VS-6 Fuses before 
incineration 

VS-6 Fuses after 
incineration 
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BM-30 Fuses before 
incineration 

BM-30 Fuses after 
incineration 

 

AP-5 before incineration AP-5 after incineration 

 

4. CONCLUSIONS 

Within NSPA’s portfolio of logistics support, NSPA is 
responsible for managing and providing technical, 
contractual and financial support for among other 
things the dismantling, demilitarization and 
destruction related to ammunition for the 24 members 
of the Ammunition Support Partnership (ASP), and 
NATO’s Partnership for Peace (PfP) Trust Funds or 
(multi)national arrangements. 

NSPA award contracts on behalf of its customers for 
the disposal of surplus ammunition stockpile, 
monitoring these contracts until completion. Particular 
care is exercised when selecting the contractor to 
ensure that only environmentally responsible disposal 
processes are used. 
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ABSTRACT 

Smoke stores are known to pose a potential inhalation 

hazard, and while the hazard posed by new smoke 

compositions is normally considered during the 

development phase, the inhalation impact of many 

legacy stores are poorly characterized, especially the 

coloured signalling smokes. Therefore, it is desirable 

to develop a quick and simple assessment technique to 

quantify the inhalation hazard posed. 

This paper will discuss characterizing the human 

toxicological impact posed by a range of coloured 

signalling smokes by an in vitro assessment 

methodology, which exposed human bronchial 

epithelial cell cultures to the smoke. The smoke 

compositions tested comprised different coloured 

dyes, potassium chlorate, lactose, and kaolin 

moderator. The toxicological impact was compared to 

that of hexachloroethane based smoke. The smoke 

pellet was extracted from each store, ground to a 

powder, and pressed into pellets (masses of 0.25, 0.5, 

1.0, and 2.0 g). A range of samples were prepared and 

electrically ignited within an exposure chamber by a 

hot wire. Human bronchial epithelial cell cultures 

(BEAS 2B) were exposed to the smoke for 5 minutes 

and fans were used to promote mixing of the smoke 

and prevent sedimentation. The genotoxicity of the 

smoke was quantified by the comet assay (the Olive 

Tail Moment, proportional to the difference between 

the positive and negative controls) after a 2-hour 

incubation following the exposure. Acute toxicity was 

assessed after a 48-hour recovery period using the 

Trypan Blue Exclusion method (percentage of living 

cells in the test cultures, compared to an unexposed 

reference). In addition to the in vitro assessment, the 

particle size distribution of the disseminated coloured 

smokes was quantified by scanning electron 

microscope (SEM). 

The paper will discuss the results from the assessment, 

the methodology used to define the relative 

toxicological impact of the coloured smokes, and 

highlight areas of the methodology requiring further 

development. The relative ranking of the coloured 

smoke formulations will be compared against other 

data published in the public domain. The paper will 

conclude by discussing aspects of the methodology 

that will be refined based on experience from this 

investigation and consider what additional work needs 

to be performed to fully characterize the toxicological 

inhalation risk posed when using coloured smokes. 

1. INTRODUCTION 

Signalling smokes have a long history of military use 

and are available in a variety of different colours for 

signalling and marking purposes (Conkling 1985, 

Shidlovskiy 1997). While the environmental impact of 

a new smoke formulation is investigated and 

quantified during development, the potential health 

impact of many legacy smoke devices is poorly 

understood. A 1999 review of the potential health 

hazards posed by signalling smokes concluded that 

“the available toxicity data base for the combustion 

products . . . is inadequate for use in assessing the 

potential health risk of exposure to these smokes and 

in recommending exposure guidance levels” (National 

Academy press 1999). With Armed Forces having a 

‘duty of care’ to service personnel, especially during 

training, it is necessary to quantify any impact on 

health caused by an exposure. 

The aim of this study was to evaluate the acute 

toxicity and the genotoxicity of UK military 

pyrotechnic signalling smokes by an in vitro method 

based on the exposure of human bronchial epithelial 

cell cultures. The acute toxicity and genotoxicity of 

the signalling compositions were referenced against 

the Finnish formulation of hexachloroethane (HC) 

based smoke. 

2. TEST METHODOLOGY 

2.1 Smoke compositions 

An example of a coloured signalling grenade 

characterized in this study and a cross-section of the 

grenade design are shown in Fig. 1, while the 

constituents of the smoke compositions are listed in 
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Table 1. The reference composition for assessing the 

toxicological impact of the signalling smokes was a 

hexachloroethane (HC) based smoke comprising 43% 

hexachloroethane, 52% zinc powder, and 5% 2,4,6- 

trinitrotoluene, manufactured by the Finnish Defence 

Forces Materiel Command, a pyrotechnic composition 

known to produce a toxic smoke (Hemmilä et al 

2007a, Hemmilä et al 2000). 

Each signalling grenade was dismantled, the smoke 

pellets extracted, and subsequently ground to a 

powder. The powder was then pressed to produce a 

range of smaller pellet samples using an IR 

spectrometer tablet press (Specac®), with masses of 

0.25, 0.5, 1.0, and 2.0 g. 

2.2 Payload ignition 

The smoke concentration inside the chamber was 

adjusted by varying the size of pellet selected, ranging 

between 0.25 and 2.0 g. A Thermohygrometer Delta 

Ohm HD 9216 was used to measure the relative 

humidity within the chamber before every experiment. 

The pellet was ignited using an electrically heated hot 

wire (CrAl) wrapped around the pellet. (To avoid any 

effects caused by initial hot, short lived combustion 

products induced by ignition of the hot wire, there was 

a delay of one to two minutes before the test cells 

were exposed to the smoke.) The exposure time was 5 

minutes and fans were used to promote mixing of the 

smoke and to prevent sedimentation. Following an 

experiment, the chamber was thoroughly ventilated. 

 

Figure 1: Grenade Hand Signal Smoke (Red L70A1) and cross-section of UK signalling grenade. 

Table 1: Constituents of UK signalling smokes. 

constituents composition 

dye oxidizer fuel moderator 

Green (L68A1) Solvent Green 3A 

Solvent Yellow 33 

potassium chlorate lactose kaolin 

zinc oxide 

Orange (L69A1) Disperse Red 9 

Smoke Orange 18 

potassium chlorate lactose kaolin 

zinc oxide 

Red (L70A1) Disperse Red 9 potassium chlorate lactose kaolin 

Blue (L71A1) Disperse Blue 180 potassium chlorate lactose kaolin 

zinc oxide 

Yellow (L100A1) Solvent Yellow 33 

Smoke Orange 18 

potassium chlorate lactose kaolin 

Purple (L101A1) Disperse Red 9 

Disperse Blue 180 

potassium chlorate lactose kaolin 
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To test the reproducibility of ignition and combustion 

of the pellets, ten pellets (1 g mass) were electrically 

ignited in a beaker using a CrAl wire wrapped around 

the pellet. The residue after burning was weighed and 

the weight loss was calculated. The chemical 

composition of the residue was then analysed using a 

Nicolet Nexus 870 Fourier transformation infrared 

(FTIR) spectrometer. 

2.3 Laboratory exposures 

The in vitro tests were conducted in a laboratory 

chamber of 150 litres, Fig. 2, located at FIOH, using 

the protocol developed in previous investigations 

(Hemmilä et al 2007a, Hemmilä et al 2007b, Hemmilä 

et al 2004, Hemmilä et al 2002). Human bronchial 

epithelial cell cultures (BEAS-2B, American Tissue 

Culture Collection) were exposed to the smoke in each 

experiment. The cells were grown as monolayer 

culture in tissue culture dishes using BEGM 

(Bronchial Epithelial Cell Growth Medium, Clonetics, 

Ca). For the experiments, the cells were transferred to 

Petri dishes and 4 ml of BEGM was added. The dishes 

were kept in an incubator at 37C under a 5% CO2 

concentration. Each dish contained around 300 000 

cells. Just before exposure, excess (3 ml) of the 

medium was removed and the dishes were placed in 

the base of the exposure chamber. 

 

Figure 2: Exposure chamber, with the ignition 

assembly (shown on top). 

2.4 Particle size distribution  

0.5 g smoke pellets were combusted in the exposure 

chamber and the aerosolized particles were collected 

on a membrane filter (Millipore Isopore, 

polycarbonate, code=GTTP, 0.2µm) using a GilAirII 

pump with a 2 litre per minute capacity. Smoke 

sampling was started 1 minute after ignition and the 

sampling time was 15 s – 60 s. Two samples were 

collected from each experiment and classified using a 

scanning electron microscope (SEM, LEO 1450 VP), 

which determined the principal dimension for 1000 

particles (2000 for each experiment); particles smaller 

than 0.5 µm could not be accurately analysed. 

Elemental analysis of the aerosol particles was 

undertaken using an energy dispersive X-ray 

spectrometer (EDS) connected to the SEM. 

2.5 Acute toxicity 

48 hours after exposure to the smoke, the cells were 

collected by trypsinization and the number of living 

cells remaining was assessed using the Trypan blue 

exclusion method (Ollikainen 2001). Cell viability 

was expressed as the percentage of living cells in the 

test cultures compared to unexposed cultures prepared 

for each experiment. Two parallel cell cultures of each 

dose were counted and the mean value compared to 

the control sample. 

2.6 Genotoxicity 

A Comet assay, originally developed by Singh et al 

(1988) with small modifications was applied, using a 

20 mM hydrogen peroxide (H2O2) solution as a 

positive control. The negative control cultures were 

kept unexposed in the chambers for five minutes. 

Exposed cells were resuspended in preheated low 

melting agarose. The cell suspension was spread on to 

dry microscope slides, precoated with 1 % normal 

melting agarose, and the slides were then immersed in 

cold lysing solution for at least 1 hour.  The slides 

were then placed in an electrophoresis tank where 

DNA was allowed to unwind for 20 minutes in an 

alkaline electrophoresis buffer conducted at room 

temperature (24 V, 300 mA). The slides were then 

neutralized and stained with ethidium bromide. The 

slides were analyzed using the fluorescent microscope 

attached to CCD camera connected to a personal 

computer-based image analysis system (Comet 4.0; 

Kinetic Imaging Ltd, UK) (Puhakka et al 2002). A 

total of 50 cells were scored from each culture and 

DNA single cell breaks were measured as the means 

of the Olive Tail Moment (OTM), calculated as the 

tail length multiplied by the percentage of DNA in the 

tail. The results were given as the relative values 

normalized to the value of 100 showing the difference 

between the positive (H2O2) and negative (unexposed) 

controls. The use of a relative scale facilitates the 

comparison of the results. 

3. RESULTS 

3.1 Smoke residue 

The residue mass following combustion of the 1 g 

smoke pellets are given in Fig. 3, which shows that the 

greatest mass occurred with the red and green smokes 

(~30 %), while the rest were close to 20 %. 

3.2 Particle size distribution 

The smoke particles on the filters were classified 

using the LEO 1450 VP scanning electron microscope 

and the results are given in Fig. 4. Both spherical and 

needle-shaped particles were seen amongst the green, 

blue, and yellow smokes, whereas the orange, red, and 

purple smoke particles appeared spherical, as shown 

in Fig. 5. 
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Figure 3: Mass of residue following combustion of 1 g pellet. 

 

Figure 4: Particle size distribution of smoke particles. 
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Green (L68A1) Orange (L69A1) 

  

Red (L70A1) Blue (L71A1) 

  

Yellow (L100A1) Purple (L101A1) 

Figure 5: Imagery of smoke particles. 
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3.3 Chemical analysis of smoke residues 

Elemental analysis of the smoke particles indicates the 

main constituents to be carbon and oxygen (see Table 

2), but also indicates the presence of chlorine, 

potassium, zinc, aluminium, and silicon. The chemical 

analysis of the residues reveals the presence of kaolin 

(see Table 2). 

Table 2: Compounds identified in residues. 

chemical analysis Store 

smoke residue 

Green (L68A1) C, O, Cl, Zn, Si, Al, K kaolin 

Orange (L69A1) C, O, Cl, K, Al, Si kaolin 

Red (L70A1) C, O, Cl, K kaolin 

Blue (L71A1) C, O (crystalline particles) 

C, O, K, Cl (spherical particles) 

kaolin 

Yellow 

(L100A1) 

C, O, Cl kaolin 

Purple (L101A1) C, O, Cl, K, Al, Si, Zn kaolin 

 

3.4 Acute toxicity 

The toxicological effect of the smoke was quantified 

by the cell viability, as shown in Fig. 6. A dose 

response can be seen for all colours, with the cell 

viability decreasing with pellet mass. It should be 

noted there was essentially zero cell viability 

following combustion of the 2 g pellets and for the 1 g 

pellets, only green showed a viability value 

significantly above zero. Even the 0.25 g and 0.5 g 

coloured smoke pellets appeared more potent than the 

(0.5 g) reference HC smoke, with the exception of the 

green smoke which was comparable to that of the 

reference. 

3.5 Genotoxicity 

Analysis of the DNA single strand breaks in the 

human bronchial epithelial cells following the 

exposure to the coloured smokes is presented in Fig. 7. 

All the smokes display a concentration-response 

relationship. For the 0.25 g pellets, only purple 

showed a tendency to produce DNA strand breaks, 

and this colour generally appeared to produce a greater 

response than the other colours with the possible 

exception of orange. With the 0.5 g pellets, the orange, 

blue, and purple smokes showed a greater response 

than the HC reference smoke. The Olive Tail Moment 

(OTM) for the red, green, and yellow smokes were 

generally found to be quite low. The 1 g coloured 

smoke pellets generated a response greater than the 

reference. The lowest values (OTM < 50 %) were seen 

with the yellow and blue smokes. 

 

Figure 6: Acute toxicity of coloured smokes. 
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Figure 7: Genotoxicity of coloured smokes (OTM on relative scale after 5 minute exposure). 

4. RELATIVE RANKING OF TOXICITY 

To rank the relative toxicity of the smokes, a scoring 

system was used. For each dose, a score of 1 was 

allocated to composition with the most toxic response 

(lowest survival rate), 2 to the next most toxic 

response, until the whole data set had been allocated a 

score. The scores from the different doses were then 

added together to quantify its relative toxicity ranking. 

The relative ranking of acute toxicity and genotoxicity 

are summarized in Table 3 and Table 4 respectively. 

 

Table 3: Relative ranking of acute toxicity. 

Relative ranking dose 

dose 

Composition 

0.25 g 0.5 g 1.0 g 0.25 g 0.5 g 1.0 g 

total toxicity 

ranking 

Green (L68A1) 77.1 55.0 21.3 7 6 7 20 least 

HC 63.0 69.5 12.2 6 7 6 19  

Yellow (L100A1) 37.6 6.9 3.0 5 5 5 15  

Red (L70A1) 22.0 6.4 1.0 3 4 4 11  

Blue (L71A1) 22.6 2.5 0.3 4 2 3 9  

Purple (L101A1) 17.5 3.7 0.1 2 3 2 7  

Orange (L69A1) 7.7 0.8 0.0 1 1 1 3 most 
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Table 4: Relative ranking of genotoxicity. 

relative ranking dose 

dose 

composition 

0.25 g 0.5 g 1.0 g 2.0 g 0.25 g 0.5 g 1.0 g 2.0 g 

total toxicity 

ranking 

Red (L70A1) 0 19.43 54.76 72.51 7 5 5 6 23 least 

Green (L68A1) 4.87 13.35 71.99 78.14 6 7 4 5 22  

Yellow (L100A1) 7.27 14.21 38.65 103.64 5 6 7 4 22  

Blue (L71A1) 15.57 42.13 46.83 69.16 4 3 6 7 20  

Orange (L69A1) 16.4 98.06 113.87 119.36 3 1 3 3 10  

HC 34.89 39.45 119.19 155.81 2 4 1 1 8  

Purple (L101A1) 50.47 55.28 118.87 120.03 1 2 2 2 7 most 

 

5. DISCUSSIONS 

5.1 Summary of results 

The burning of all smoke samples seems to be 

consistent, as indicated by the low standard deviations 

in the burning residue experiments (see Fig. 3). The 

majority of the smoke particles were respirable in size 

and thus are capable of deep penetration into the lung 

alveoli when inhaled. The presence of needle shaped 

particles in the green, blue, and yellow smokes raises 

the possible risk of lung fibrosis based on the diameter 

and length, but the bio-persistence of the particles has 

not been determined. 

Previous investigations have shown HC smoke to be 

hazardous, with potentially fatal consequences if 

inhaled (Hemmilä et al 2007a, Hemmilä et al 2000). 

All the coloured smokes appeared acutely toxic to the 

cells, the response being stronger than what would be 

expected on the basis of the toxicity data given for the 

dyes. It was investigated whether the toxicity of the 

coloured smokes could be due to the presence of high 

concentrations of CO among the combustion products. 

The CO concentration in the chamber during exposure 

was monitored using a Dräger® Polytron 700 CO 

monitoring system, with the sensor installed in the 

roof of the aerosol chamber. The toxicological impact 

of CO on the cultures was investigated by exposing 

the cells in the chamber to concentrations of 20, 100, 

200, 400, 600, 800, and 950 ppm for 5 minutes (using 

the techniques described for acute toxicity and 

genotoxicity). However, the hypothesis of high CO 

concentrations reducing cell viability was not 

supported, because a correlation between cell viability 

and CO concentration was not found. The relative 

ranking of acute toxicity appears to be: 

orange > purple ≈ blue ≈ red > yellow > HC ≈ green 

Thus, the acute toxicity of the green smoke appears 

comparable to that of HC smoke at 0.5 g level, whilst 

all the other colours appeared more toxic. In earlier 

tests carried out with Finnish coloured smokes 

(Hemmilä et al 2007b), a similar trend was seen 

(Table 5), with the most pronounced effects on the cell 

viability seen with the red and orange smoke 

compositions. The dyes used in the Finnish 

formulations for the red and orange colours are the 

same as those used in the UK smokes. 

Table 5: Comparison of acute toxicity for UK and 

Finnish signalling smokes. 

UK 

compositions 

ranking Finnish 

compositions 

orange most toxic orange 

purple, blue   

red  violet, red 

yellow   

HC  HC 

green least toxic yellow 

 

In the genotoxicity tests with the 0.5 g pellets, a weak 

tendency to promote DNA strand breaks was seen 

with all the coloured smokes. At higher 

concentrations, a more pronounced effect was seen. 

The relative ranking of genotoxicity appears to be: 

purple ≈ HC ≈ orange > blue ≈ yellow ≈ green ≈ red 

Thus, all the coloured smokes should be regarded as 

genotoxic, although variations between the colours 

exist, similar to observations from earlier tests on the 

Finnish coloured smokes (Table 6). 

Table 6: Comparison of genotoxicity for UK and 

Finnish signalling smokes. 

UK 

compositions 

ranking Finnish 

compositions 

ranking 

purple, HC, 

orange 

most toxic orange genotoxic 

yellow    

 red weak genotoxic blue, green, 

red 
least toxic yellow, 

violet 

genotoxicity can 

not be excluded 
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This investigation is the first attempt at systematically 

assessing the acute toxicity and genotoxicity of the 

UK coloured signalling smoke compositions. 

However, a number of factors need to be considered 

when interpreting the data. 

5.2 Caveats 

It should be recognized that care needs to be taken 

when extrapolating the toxicological impact following 

exposure of a cell culture to coloured smokes and 

predicting the impact on human health. BEAS-2B 

cells have limited ability for metabolic activation and 

the toxicity ranking of the signalling smokes may 

change if tests are performed on a different cell 

culture. In addition, an in vitro methodology will not 

address the consequence of metabolic activity on other 

organs within the body. However, this investigation 

suggests that exposure to signalling smokes should be 

avoided whenever possible. 

The size of a pyrotechnic sample can affect the 

chemical species produced during combustion, due to 

differences in combustion characteristics, such as 

pressure and temperature. This means that the reduced 

mass of the smoke pellet ignited could modify the 

relative amounts of the various combustion products, 

which will have an impact on the resultant toxicity of 

the smoke produced and be different to that produced 

when the store is functioned. 

The majority of toxicity investigations normalize the 

effect of an exposure by the smoke concentration, 

rather than the payload mass ignited. The smoke 

concentration in each test is dependent on the payload 

mass and the yield factor. To a first approximation, the 

yield factor for the coloured smokes investigated will 

be proportional to the percentage of dye in the 

composition, with a mean value of 0.49. However, 

hexachloroethane (HC) smoke is hygroscopic, 

reacting with water vapour, giving a yield factor that 

varies between 1.4 and 10, dependent on the relative 

humidity (Department of Defense 1986). This means 

that the cell cultures exposed to the smoke from the 

HC pellet experience a greater concentration than that 

from a similar mass of the coloured smoke 

compositions. The smoke concentration from the 0.5 g 

HC pellet is expected to be greater than that produced 

by a 1.0 g pellet of coloured smoke and may exceed 

that from a 2.0 g pellet, when the cell viability for 

acute toxicity was approximately zero. Using HC as a 

toxicity reference and ignoring the yield factor will 

probably under-estimate the acute toxicity and the 

genotoxicity of the coloured smoke compositions. 

Further work is required to determine what 

concentration of the coloured smokes is deemed to 

pose an inhalation hazard. 

6. CONCLUSIONS 

This investigation is the first systematic attempt to 

quantify the acute toxicity and genotoxicity of the UK 

coloured signalling smoke compositions by reference 

against the response triggered by a hexachloroethane 

(HC) based smoke, a smoke which is known to be 

highly toxic. The majority of the smoke particles were 

respirable in size, being capable of deep penetration 

into the lung alveoli when inhaled. The presence of 

needle-shaped (long and thin) particles in the green, 

blue, and yellow smokes raises the possible risk of 

lung fibrosis, but the bio-persistent of the particles has 

not been characterized. All the coloured smokes 

appeared acutely toxic to the cells, and the relative 

ranking of acute toxicity appears to be: 

orange > purple ≈ blue ≈ red > yellow > HC ≈ green 

All the coloured smokes should be regarded as 

genotoxic, although variations between the colours 

exist. The relative ranking of genotoxicity appears to 

be: 

purple ≈ HC ≈ orange > blue ≈ yellow ≈ green ≈ red 

However, due to normalizing exposure to the cell 

cultures by mass of the pellet ignited and not the 

smoke concentration, this investigation probably 

under-estimates the acute toxicity and the genotoxicity 

of the coloured smoke compositions due to the 

hygroscopic nature of the reference hexachloroethane 

based smoke. 

Additionally, it should be noted that the combustion 

products from small-scale pellets for generating the 

smoke may have different characteristics to that of a 

full-sized pellet within a smoke munition, which could 

have an impact on the resultant toxicity assessment. 

While there is some uncertainty when extrapolating 

the toxicological impact following exposure of a cell 

culture to coloured smokes and predicting the impact 

on human health, this investigation suggests that 

exposure to signalling smokes should be avoided 

whenever possible. 

Further work is required to determine what 

concentration of the coloured smokes is deemed to 

pose an inhalation hazard. 
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ABSTRACT 

Exposure to signaling smoke is almost impossible to 

avoid, and may have adverse health effects. Hand 

grenades with signaling smoke  are used during 

training and/or military operations. To obtain the most 

realistic results when estimating the toxicity of the 

smoke, not only the smoke–forming composition is 

ignited, but the whole hand grenade is used as it is 

used during military operations. The experiments are 

conducted by igniting colored smoke hand grenades, 

measuring the toxic effect of the formed smoke on the 

lung cells using the CULTEX
®
 system, collecting 

samples for determining the mutagenic character by 

the Ames-test and analyzing the particle size 

(distribution) of the smoke particles and comparing 

the results. The toxic effect of the smoke for humans 

is not only dependent on the nature of the components 

present in the smoke, but also on the size of the 

formed particles and the exposure time. The migration 

of the particle into the lungs is dependent on the size 

of the particle. The smaller the particle the deeper it is 

able to enter into the lungs. Various techniques are 

used to determine the particle size and particle size 

distributions. 

 

1. INTRODUCTION  

All known smokes may have adverse health effects in 

humans, due to the presence of toxic gases and 

vapours, as well as small particles that may penetrate 

deep into the lungs, causing irritation and/or more 

serious toxic effects depending on the particle 

characteristics. Exposure to smokes should for this 

reason be avoided as much as possible. However, 

smoke can also be essential for military personnel by 

reducing the visibility for the enemy by forming a 

smokescreen, to mark the location for rescue 

operations or as warning smoke. In these cases 

exposure of military personnel to the smoke cannot 

always be avoided. Consequently, insight into the 

acute and long term toxicity of military smoke 

formulations is needed. 

 

In a previous series of experiments where the toxicity 

of the red phosphorus smoke was investigated [1], 

only a part of the red phosphorus pellet was ignited by 

two  squibs in a climate chamber. The smokes formed 

where led over a CULTEX
®
-system [2] where culture 

human lung cells of the A549 type were exposed to 

the smoke in a controlled way. The effect the smoke 

had on the cells  were presented by four biomarkers 

measured in the exposed lung cells [3], namely 

glutathione status(GSH), interleukin-8 release (Il-8), 

lactate dehydrogenase release (LDH) and Alamar Blue 

conversion, respectively indicators for: oxidative 

stress, inflammatory processes, cytotoxicity and cell 

death. In the same experiments also the particle size 

and particle size distribution were determined.  

In addition, smoke formulations may have mutagenic 

effects, leading to serious health effects on a longer 

term. For assessment of mutagenicity the Ames-test is 

the the golden standard.  

For the determination of the toxicity of smoke 

ammunition on human health, it is important to 

perform these experiments as realistic as possible. For 

the red phosphorus smoke this was easier to perform, 

because smoke formation was initiated on the soil and 

not in a canister. For colored hand grenades this is not 

the case. Here the smoke formation is from within the 

canister to the surroundings. For this reason not only 

the smoke composition is ignited, but the whole 

colored smoke hand grenade (full article). By using 

different types of smoke grenades with for each color 

approximately the same smoke generating 

composition, the influence of the operation 

mechanism can be determined / observed. 
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2. EXPERIMENTAL SETUP 

To be able to ignite the smoke hand grenades in a safe 

way and to perform online analyses of the generated 

smokes combined with collecting samples for all 

experiments in the same way, a setup is made in one 

of the Bunkers on TNO-premises.  The grenade was 

placed in the middle of the bunker on the floor (Figure 

1). Prior to every experiment the temperature and 

relative humidity were registered. 

 
Figure 1 is showing e.g. the tube for on-line 

measurements, a cascade impactor for the separation 

of the smoke particles and for determination of  the 

particle size and mass distribution,  the well plates for 

the Ames test  and the tube connected to the gas 

sampling bag for collecting the smoke samples.  
 

 
Figure 1: Setup for the experiment, sample collection 

and online analyses of the smoke from a colored smoke 

hand grenade. 

 

For this research various colored smoke hand grenades 

were investigated, namely red, green and orange from 

different manufacturers. 

 

3. RESULTS AND DISCUSSION 

3.1. Particle sizes of the formed smoke particles 

During the smoke formation air is passed through the 

Cascade Impactor sieves.  

Figure 2: Cascade impactor particle size (class) 

distribution of the experiments performed on different 

surfaces. 

 

The dust is collected as droplets on the plates. On the 

plates with number 0 till 4 (between the 2.1 and 9µm 

sieve size), particles are barely visible, but are 

measurable. In order to compare the different 

experimental data, the captured mass per cascade plate 

is divided  by the total mass captured on all plates. 

Figure 2 shows the relative distribution of particle 

mass per size class in a histogram, for some red and 

orange smoke formulations. 

For all smoke experiments the largest group of 

particles based on mass (approximately 90-95% of the 

total) is < 2.1 micrometers. These small particles are 

small enough (diameter  ≤ 2.1 µm) to migrate deep 

into the alveoli (Figure 3) where the particles may 

cause serious damage. The extent of damage (partly) 

depends on the composition of the particles and the 

quantity. 
 
 

 

 

 

 

 

 

Figure 3: A schematic representation of the penetration 

depth of the particles with different size in the human 

respiratory system [4]. 

 

3.2. In-vitro toxicity study with human lung cells in 

culture 

After exposure, the effects on the A549 lung cells in 

culture were investigated by measuring the glutathione 

(GSH) status in the cells, the protein content of the 

cells (RC-DC), lactate dehydrogenase (LDH) release 

into the medium and Alamar Blue conversion by the 

cells, which are respectively indicators for oxidative 

stress, general condition of the cells, cytotoxicity and 

cell death. 
 

Table 1: Results from a triplicate measurements with 

cultured human lung cell for Orange smoke. +: clear 

toxic effect (>10% effect on parameter in comparison 

with a control exposure with medicinal air), +/-: 

marginal toxic effect (10% effect on parameter), -: no 

toxic effect (<10% effect on parameter).  
 

  Alamar 

Blue 

LDH GSH RC-DC 

Orange I (A) + + + - 

Orange I (B) + - +/- - 
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Orange I (C) - - - - 

 In Table 1 the results from triplicate measurements 

with the CULTEX
®
 system on three different days are 

presented. As seen in the table there is some deviation 

between the results. This is due to the cultured cells, 

just like the cells in real human lungs, there is some 

variation possible from person-to-person. Another 

contributing parameter is the atmospheric condition 

differs a little over the three days and last parameter is 

the functionality of the smoke grenade, which may 

differs also a bit. For this reason the measurements 

should always be performed multiple times and when 

there is a need for comparing different smoke types to 

each other, it is recommended to do the measurements 

on the same day and with the same batch of cultured 

cells. The experiments on the smokes in this study are 

performed by analyzing every day three smokes of the 

same color for three days (triplicate measurements) 

and varying the order of the smokes during the day.   

 

3.3. Ames test for mutagenic analyses 

The Ames test is used to determine whether a 

substance or mixture of substances (like smokes) is 

mutagenic. As mentioned before this test is known as 

the “golden standard” in the world of toxicity 

analyses.   

Recovering from DNA damage by the body is not 

always possible. Irreversible effects can occur, 

including cancer. Especially the exposure to high 

doses of mutagens or frequent exposure to low doses 

of a mutagenic substance may cause irreversible 

damage to the cells and result in for example cancer. 

 
Table 2: Results of Ames-test for orange and red smokes 

(with and without metabolic activation (S9)) for 5 

different types of bacteria.+: mutagenic effect; -: no 

mutagenic effect. 
 

 

The mutagenicity study with the Ames test is done 

with the help of bacteria, where not the bacterium 

itself is of importance but its metabolic activities. In 

this study Salmonella typhimurium TA 1535, TA 

1537, TA 98, TA 100 and Eschericia coli WP2 uvrA 

were used. Due to mutations, these bacteria are unable 

to produce histidine which is an amino acid that the 

bacteria need to grow and for this reason only growth 

is observed if histidine is added to the medium. 

The bacteria (often Salmonella species) are applied to 

a histidine-free culture medium, after which samples 

of the smoke will be added. If the sample cause / 

promotes mutagenicity, the DNA of the bacteria will 

mutate back, allowing the bacteria to be able to 

produce histidine again and they can grow on the 

culture medium.  Bacteria which don’t mutate back 

cannot grow on this nutrient medium. On the basis of 

the growth of bacteria on the histidine-free nutrient 

medium, the degree of  mutagenicity can be 

determined.  

The Ames test is therefore considered to be positive if 

the number of colonies counted is significantly higher 

than in in the negative control samples. To verify 

whether the bacteria are sensitive enough to mutagens 

is also included a positive control, i.e. a substance 

which is known to be potentially mutagenic, which 

leads to a very large number of colonies on the 

medium. When a substance is identified to be 

mutagenic in the Ames test, one must be aware that 

this substance may cause cancer in humans. 

The reason for using five different bacteria strains in 

the Ames test is that mutations may occur via various 

routes. With this ‘battery’ of bacteria the most 

important mutation routes are covered. 

Some substances are not mutagenic as such, but only 

when they are metabolized in the liver so-called 

'metabolic activation’. This aspect is also included in 

the assessment, by adding an extract of liver 

microsomes, the so-called "S9 mix"  to the smoke-

containing sample.  

From the results listed in Table 2, it is shown that only 

the Red smoke number III shows mutagenicity, 

however only after metabolic activation. On the basis 

of the composition of the intact smoke formulation, 

this result was not expected. This observation 

underscores the need the evaluate the potential adverse 

effects of the smoke that is generated under realistic 

conditions. 

 

SUMMARY AND CONCLUSIONS 

Determination of the potential toxicity  of military 

smokes requires evaluation of the smoke as a whole, 

preferably under conditions that closely resemble 

those that can be encountered in to the field. In this 

way possible interactions between components in the 

smoke can be evaluated.  

The set-up used to evaluate the acute toxicity and 

mutagenicity of smoke hand grenades seems to be a 

very good approach for future studies. Here the smoke 

is obtained by operating the complete hand grenade 

instead of only igniting the smoke compositions. This 

 
TA 

1535 
TA 1537 TA 98 TA 100 

WP2 

uvrA 

 -S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9 

Solvent 

control 
- - - - - - - - - - 

Positive 

Control 
+ + + + + + + + + + 

           

Orange I - - - - - - - - - - 

Orange II - - - - - - - - - - 

           

Red I - - - - - - - - - - 

Red II - - - - - - - - - - 

Red III - - - + - + - - - - 
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will create a better and more realistic view on the 

toxic behavior of the smoke in operational use. 

Smoke compositions (by color) all had a similar 

smoke generating element. However, the evaluation of 

the toxicity and mutagenicity of the smokes formed by 

functioning the complete articles show differences in 

toxicity between the various smoke generating 

products. One of the smokes even showed mutagenic 

effects, possibly due to interactions which could not 

be foreseen.   
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   An urgent problem in industries of energy materials in all countries at the moment is to clean 

the exhaust gases of toxic substances. The use of well-known traditional methods and devices 

does not provide the needs of the modern methods of purification of gas emissions. There is a 

need for development and introduction of power-intensive materials, fundamentally new high-

performance approaches, devices and catalysts for the reduction and efficient cleaning of exhaust 

gases to manufacture. The main components of exhaust gases in the productions mentioned 

before are vapors and mist of nitric acid, nitrogen oxides, the mist of sulfuric acid and sulfur 

dioxide. 

  Study of mechanism and kinetics of physical and chemical processes of exhaust gas cleaning 

from the mentioned substances and analysis of causes of gaseous discharges within the processes 

of nitration and regeneration of spent acids allowed authors to elaborate effective scientific 

topics regarding  prevention of gaseous discharges of sulfuric acid’s mist and sulfur dioxide as 

well as effective cleaning of exhaust gases from the mixture of mists, fume of nitric acid, and 

nitrogen oxides. 

Currently "KNRTU" has accumulated a rich experience in the development and introduction in 

manufacture of environmentally friendly advanced technologies, brand new compact devices and 

highly effective catalysts for solution of ecological problems of the chemical enterprises, 

petrochemical, machine building and other industries. 

        In many countries for purification of exhaust gases Venturi tube type devices, packed 

columns, air-lift type devices are widespread. The main requirement for gas purification devices 

is not only high efficiency catch toxic fumes, but also the minimum drop entrainment. 

Theoretically, it is assumed that the amount of liquid entrained on the top plate should be 

no more than 10% of the supply amount of liquid. In practice, high mass flow rates of liquid and 

gas, the amount of liquid entrained in gas purification devices reach 30-50%. Such entrainment 

forces to reduce the load on the machines, increase the dimensions of the device, increasing the 

number of plates and install additional gas treatment equipment. 

The current purification of exhaust gases from a mixture of vapor and mist of toxic 

substances, are a set of packed columns. The number of simultaneously working pumps for acid 

circulation in industrial environments range from 2 to 7, which reduces the reliability of the 

existing gas purification technology. 



Scientific researches of physical and chemical processes that occur during the catch vapors 

and mists of nitric acid helped to develop effective and compact absorbers with vortex devices 

and fiber filter elements. 

The illustrations 1,2,3 represent the different vortex exhaust gases purification devices 

(single-stage and multi-stage). 

 

 
Ilustration.1- Single-stage vortex installation of purify the waste gases [7] 

   

 

 

 
 

Ilustration.2- Multi-stage vortex-absorber embedded in Kotovsky plant [6,7]  

 

 

 

 

 



 

 
 

Ilustration.3- Multi-stage vortex-absorber of ammonia for cleaning the exhaust gases in the production of 

carbamide [7] 

 

 

Comparison of the effectiveness of various industrial gas purification absorbers shown in 

Illustration 4. Comparison was conducted with the same inlet concentration of the exhaust 

gases at the inlet to the machine. 
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Ilustration.4- Comparison of the effectiveness of various industrial apparatus for purification degree of gases 

at 3
ВХ гр/м 8C = . 

1 - brand new multistage vortex device Kotovsk city, 2- new single-stage vortex devices Shostka city, 3 - operating 

on a foreign project packed absorption tower Alexin city, 4 - no packed absorber Kotovsk city, taken in the United 

States. 

 

 

 

Illustration 5 shows a highly efficient installation of sanitary purification of exhaust gases 

containing nitrogen oxides. 

 

 

      



 

 

 
Illustration.5 - Installation of catalytic purification of exhaust gases containing nitrogen oxides. 

 

 

 

 

 
 

Illustration.6- Vortex of sulfuric acid monohydrate absorber downflow phases [1,2,3] 

1 - body, 2 - cover, 3 - bottom, 4-plate, 5 - swirl ring, 6 - pin socket, 7, 8 - gas duct 9 - gas duct collector, 10 - swirl 

ring collector, 11 - the central nozzle, 12 - collector; 13 - a branch pipe, 14 - a manhole 

 



 
 

 

Illustration. 7- Vortex ferrosilid column for concentrating the sulfuric acid [4,5] 

1 - the first productional stage in the column  2 - ferro silido contact stage, 3 - absorption stage 4 - splashes sets of 
slip level 5 - cover, 6 - demister, 7, 13 - overflow acid line, 8 - vertical gas inlet channel 9 - horizontal channel, 10 - 

one-nozzle vortex unit 11 - ferro silido bottom, 12 - hollow side-bar, 14, 15 - a branch pipe, 16 - a branch pipe 
procleaning, 17 - side-bar, 18 - pin branch pipe, 19- swirl ring, 20 - rotameter, 21 - valve, 22 - faucet. 

 

The main scientific and technical results of KNRTU are: 

• swirling apparatus with filtrating elements to absorb fume and mist of nitric acid, which 

allows to 50-100 times decrease materials consumption within the gas absorption 

apparatuses  for the nitration process  in comparison with existing foreign packed 

machinery; 

• a unit for catalytic cleaning of gaseous exhaust from technological and shooting outburst 

meeting current standards of gases’ cleaning with minimum of capital and energy costs; 

• a swirling ferro silido column for concentration of spent sulfuric acid resulting in 

complete extrication of American Chemico’s expensive and unhandy bubble-agitated 

column-typed machines used for spent sulfuric acid concentration as well as full 

extrication of electrofilters for sulfuric acid’s mist with 50 times  less technology’s 

materials consumption; 

• highly – effective compact swirling apparatuses for water scrubbing of end gases from 

toxic substances’ silt applied within different industries, which provide full release of 

current technological processes and apparatuses. 

  

The results of the work implemented in the production of more than 20 factories in different 

cities of Russia and the CIS in the form of industrial facilities and technology for various 

purposes. A significant reduction in consumption of materials of mass transfer devices was 

achieved. 

 

 Activities of KNRTU scientists "Integrated solution in cleaning acid gas emissions" energy-

materials production factories awarded the State Prize of the USSR in the field of science and 

technology. We recommend implementation of new technologies, compact vortex devices and 

high-performance catalysts in production in various countries where cellulose nitrates, nitro 



compounds, production recovery and concentration of waste acid, sulfuric acid, nitric acid, 

phosphoric acid and other acids, the production of ammonium nitrate, urea and other fertilizers 

are produced. 
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ABSTRACT  

Intend to avoid toxic chemical reagents consumed and 

hazardous wastes produced during traditional 

analytical procedures, the feasibility of utilizing near 

infrared (NIR) spectroscopy to detect nitrocellulose 

(NC) content of solid propellant intermediate was 

investigated in lab-scale. A total of 37 samples were 

prepared for quantitative model construction, each 

sample consists of NC, dibutyl phthalate (DBP), 

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 

water. That mixtures kept being stirred simulating 

with actual production conditions, and a fiber-optic 

probe connected with Fourier transform NIR 

spectrometer was directly inserted into to collect in 

situ spectra. A calibration model was developed using 

Partial Least Square (PLS) regression algorithm and 

assessed by external validation with 13 independent 

prediction samples. The coefficient of determination 

(R
2
) is 0.949 and root mean square error of prediction 

(RMSEP) is 0.247. Once model constructed, there 

were absent of chemical reagents and wastes during 

the whole analytical procedure, which clearly benefits 

analysts health and environment protection. Moreover, 

NIR analysis is greater safety since the combined 

application of fiber-optic probe makes operators far 

from production line feasible. 

 INTRODUCTION  

Nitrocellulose (NC) plays an important role as binder 

and energetic material in solid propellant. To achieve 

quality control of solid propellant, the content of NC 

should be determined before final production formed. 

Conventional analytic approach composes of several 

steps, extracting other organic components with diethy 

ether, removing metal salt, drying chemical regents 

and weigh. That way is time consuming, chemical 

regents cost, and not safe ensured in the case of 

intermediate samples require being collected by 

workmen on propellant production line.  

 

Near infrared (NIR) analysis system has been utilized 

as an efficient tool for quality control in pharmacy 

(Marzena Jamrógiewicz, 2012). Especially, the 

combined application of fiber-optic probe that is 

available to be installed into production line to record 

spectra of mixtures makes in line or on line 

monitoring feasible. As the frequently used excipient 

of pharmaceutical tablet, different celluloses were 

discriminated with NIR analysis for purpose of 

identification (F.W. LANGKILDE, A. SVANTESSON, 

1995). The content of cellulose in ecstasy tablet was 

quantified through NIR (Ines Baer, Robert Gurny, 

Pierre Margot, 2007). In addition, decomposing 

cellulose in soils was measured by NIR method (Hans 

Peter Hartmanna, Thomas Appel, 2006). 

However, few researches of NIR field focused on NC. 

In this work, the feasibility of using NIR system to 

determine the content of NC of solid propellant 

intermediate was investigated in lab scale. 

1 EXPERIMENTAL 

1.1 Materials 

All raw materials were obtained from solid propellant 

plant. Samples compose of hexahydro-1,3,5-trinitro-

1,3,5-triazine (RDX), nitroglycerine (NG), dibutyl 

phthalate (DBP) and water. The concentration ranges 

of NC were designed randomly within ±30% of the 

nominal content (5.5g per sample). The required 

amounts of NC were weighed on an analytical balance 

(Marcelo Blanco, Anna Peguero, 2010) and each 

sample was quantified 100g totally through adding 

water. A total of 50 samples were prepared in lab, of 

these 37 samples were employed as calibration set, 

and the remaining 13 samples as external validation 

set. 

 

 

 

 



 

 

Table1: Statistics of NC contents for calibration 

and validation set. 

Data set NO. Min Max Average S.D. 

calibration 37 4.0008 6.9841 5.5836 1.0480 

validation 13 4.1690 6.7940 5.4613 0.7564 

1.2 Spectra collection 

FT-NIR spectrometer (Antaris-II, Thermofisher, USA) 

interfaced with a fiber-optic probe was used to record 

spectra in the 4000-10,000 cm
-1
 region with a 

resolution of 8cm
-1
 and averaged over 32 scans. It is 

worth mentioned that the fiber-optic probe was 

installed into samples that were continual stirred on a 

magnetic stirrer (RET basic, IKA, Germany).  

1.3 Methods  

As figure 1 shows that several steps are requested to 

construct a calibration model, however, NIR is 

capable of predicting the content of analyte rapidly 

once a well performance model achieved. It is should 

be stated that chemometrics play an essential role in 

NIR analysis (Deborah E. Purcell, Michael G. 

O'Shea, Serge Kokot, 2007). As a basic tool of 

chemometrics, Partial Least Square (PLS) regression 

has been a efficent tool used in chemistry and 

Engineering (Svante Wold, Michael Sjostrom, Lennart 

Eriksson, 2001). In this study, PLS was utilized to 

construct quantitative calibration model since it is 

simple and robust. Chemotrics methods were 

performed on the TQ Analyst software (version 8.0, 

Thermofisher, USA) to provide quantitative 

calibration model. 

 

Figure 1: Flow chart of NIR analysis.  

2 RESULTS AND DISCUSSIONS 

2.1 Spectral analysis 

As Figure 2 states that there are two major bands 

located around 6900 cm-1 and 5100 cm-1 due to high 

molecular polarity of O-H bands and dominated 

concentration of water. Since some spectral intervals 

are lack of necessary chemical information of NC, it is 

not end up with a good prediction model in the case of 

the whole spectral region used (Ute Henniges, 

Manfred Schwanninger, Antje Potthast, 2009). TQ 

analyst software is available to supply advisement for 

choosing optimal spectral region. 

 

 

Figure 2: Raw NIR spectra of samples. 

2.2 Cross-validation 

The well known Leave-one-out cross-validation was 

utilized to determinate the optimal number of PLS 

factors that corresponds with the minimum root mean 

square error of cross-validation (RMSECV). 
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In Eq. [1], 
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i  is the NC content predicted by the NIR model, 
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i  that obtained by weighing and n the  number of calibration 

samples. 

2. 3 External validation 

A total of 13 independent samples excluded from 

calibration set were scanned directly by fiber-optic 

probe under all the same conditions with spectra 

collection of calibration samples. The accuracy of PLS 

model in predicting the RDX contents of validation 

samples are assessed in terms of the determination 

coefficients (R
2
) and root mean square error of 

prediction (RMSEP). 
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Where 
y

pred

i  is the NC content predicted by the NIR model, 

y
ref

i  that obtained by weighing, iy  is the average value of NC 
content and m the number of validation samples. 

In addition, the residual predictive deviation (RPD) 

statistic, defined as the standard deviation of the 

reference values divided by the RMSEP, was used to 

evaluate the robustness of established PLS model. It is 

considered that a model is good for quality control 

with a RPD > 5. In this study, the RPD of validation 

set is 3.06. 
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 Figure 3: Actual vs. predicted values of NC 

contents in solid propellant intermediate. 

As Figure 3 indicates that the results of calibration 

model in predicting the NC contents are accepted in 

some extent at solid propellant plant. It is benefits 

from weighing NC on an analytical balance to obtain 

measured value instead of using traditional reference 

method (Marcelo Blanco, Anna Peguero, 2010). As a 

secondary analytical method, an NIR determination is 

less accurate than reference method. To improve the 

capability of NIR prediction, formulation components 

weighed by analytical balance has been developed as a 

new reference method and gained acceptance in 

pharmacies. That means is appropriately applied for 

solid propellant intermediate that are compose of 

several known ingredients. Moreover, to satisfy the 

prediction of process samples with abnormal 

concentration, the calibration samples should span a 

wide enough concentration range which ICH 

guidelines suggest the assay range should be twice the 

allowed tolerance for that product. It is virtually 

impossible to fulfill that requirement only through 

collecting samples in production line, because the NC 

concentration rarely departs from nominal 

concentration more than ±10% (wt-%) due to the 

feeding process in factory is optimized. Therefore, 

using lab samples, especially the overdosing and 

underdosing samples, prepared by weighing NC is 

also necessary in order to obtain the desired range. 

That way improves the accuracy of NIR prediction 

and avoids consuming chemical reagents, which is in 

favor for environment protection as well.  

However, the prediction result is not absolutely well 

because of many reasons. The physical factors and its 

atmosphere of samples have an unmistakable impact 

on the prediction result of NIR analysis, such as 

temperature, particle size and stirring rate. The special 

chemical structure and property of NC also play a key 

role on the accurate of PLS model. More investigation 

is necessary in order to improve the performance of 

PLS model on NC. 

3 CONCLUSIONS 

Using NIR system to determine the content of NC of 

solid propellant intermediate is feasible in lab scale. 

Benefitting from the combined application of fiber-

optic probe, it is possible for analysts to be far from 

the rugged environment of propellant plant. Moreover, 

there are absent of chemical regents during the overall 

NIR analytical process once a well performance 

calibration model constructed. There advantages are 

favor for safe and environment protection. It is 

considerable merit that further research is made to 

achieve the situation of using NIR system without 

conventional reference method in real production line 

at solid propellant plant.   
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ABSTRACT 

Perchlorates are used as high energy oxidizers in 

a wide range of military applications including 

rocket propellants and pyrotechnics. When used 

in ammunition incendiary systems, pyrotechnic 

compositions containing potassium perchlorate 

are formulated to mark an impact point or act as 

ignition sources for flammable liquids. 

Potassium perchlorate has a high solubility in 

water which results in very low retardation in 

aquifers, as a result, any groundwater plumes can 

be extensive and pose severe remediation 

problems. It can be released into the environment 

as a result of spillages during manufacture, 

demilitarization, or when ammunition fails to 

function correctly. The presence of potassium 

perchlorate in drinking water is a cause for 

concern as all perchlorates are recognized as a 

potential hazard to human health. In particular, 

their ingestion is known to inhibit iodide uptake 

by the thyroid gland. 

Formulation and assessment studies on 

perchlorate compositions and novel alternative 

perchlorate-free incendiary pyrotechnics have 

been completed. The work formed part of an 

investigation for the Strategic Environmental 

Research and Development Program into the 

development of environmentally benign, 

perchlorate-free incendiary and pyrotechnic mix 

technologies for projectiles. The work 

successfully demonstrated that potassium 

perchlorate can be eliminated from two 

incendiary compositions without degrading their 

performance or ageing characteristics. 

This paper reports the performance of control 

compositions, based on RS-41 a magnesium/ 

aluminium alloy-potassium perchlorate-calcium 

resinate formulation, which is often used in the 

explosive train of high explosive incendiary 

ammunition. 

1. INTRODUCTION  

Potassium perchlorate is a high energy oxidizer 

that is used in incendiary ammunition to mark the 

impact point or act as an ignition source. It can be 

released into the environment through spillages 

during manufacture or filling, demilitarization, or 

when ammunition fails to function correctly. The 

high solubility of perchlorates in water results in 

a very low retardation in aquifers, groundwater 

plumes can therefore be extensive and pose 

severe remediation problems. 

The presence of potassium perchlorate in 

drinking water is a cause for concern, as all 

perchlorates are recognized as a potential hazard 

to human health. In particular, their ingestion is 

known to inhibit iodide uptake by the thyroid 

gland. 

In January 2009 the US Environmental 

Protection Agency published an interim drinking 

water health advisory level of 15 µg dm
-3
 for 

perchlorate [1] but since October 2007 California 

has had a maximum contaminant level (MCL) of 

6 µg dm
-3
 [2] and in Massachusetts the MCL for 

perchlorate is 2 µg dm
-3 
[3]. 

To reduce future perchlorate use, research into 

new incendiary pyrotechnics has been undertaken 

for the Strategic Environmental Research and 

Development Program (SERDP) [4]. Burning 

rate and thermal analysis studies have been 

reported previously for formulations containing 

magnesium/aluminium alloy and barium nitrate 
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with either potassium perchlorate [5], a second 

nitrate [6] or a sulphate [7]. Limited studies on 

aluminium and magnesium-based formulations 

including gun firing trials have also been reported 

[8], [9]. This paper compares the burning rates 

and the thermal properties for a range of control 

compositions based on RS-41 a magnesium/ 

aluminium alloy, potassium perchlorate, and 

calcium resinate formulation, which is often used 

in the explosive train of high explosive 

incendiary ammunition. 

2. EXPERIMENTAL 

2.1 Compositions 

Tables 1 and 2 detail the two series of 

compositions examined. In the first, the ratio of 

fuel to oxidant was maintained at 1:1 and the 

calcium resinate content was increased from 2% 

to 12%. In the second series, a constant calcium 

resinate content of 2% was maintained and the 

ratio of the fuel to oxidant changed; the 

perchlorate content was varied between 35% and 

63%. 

All of the compositions were prepared by 

blending the ingredients together in a Turbula 

mixer; the oxidants were dried at 80 °C and 

passed through a 125 µm sieve before use. 

2.2 Burning rate studies 

Flares were prepared by pressing four 3 g 

increments of each composition into 12 mm 

diameter paper tubes at 6.7 kN. A small amount 

of a priming composition was added prior to 

pressing the final increment of composition. 

The column length of the pressed composition 

was measured. The flares were ignited using a 

fuzehead and the burning time of each was 

measured using a stop watch. 

2.3 Exothermicity measurements 

Exothermicity measurements were performed 

using a Parr Model 1425 semi-micro combustion 

calorimeter. Duplicate experiments were carried 

out on 100 mg powder samples in an argon 

atmosphere under pressure of 1 atmosphere. The 

samples were ignited in quartz dishes using a hot 

wire. 

2.4 Ignition studies  

Differential scanning calorimetry (DSC) 

experiments under ignition conditions were 

performed on the compositions using a high 

temperature calorimeter developed for 

pyrotechnic studies. The measurements were 

made on 20 mg samples which were heated at 

50 °C min
-1 
in 2 cm tall quartz crucibles in an 

upward flowing argon atmosphere. 

2.5 Non ignition DSC 

Non ignition experiments were performed on the 

same equipment as the ignition studies using a 

20 mg sample size but the heating rate was 

decreased to 10 °C min
-1
.  

3. RESULTS AND DISCUSSION 

3.1 Burning rate studies 

RS-41 contains 49% magnesium/aluminium 

alloy-49% potassium perchlorate and 2% calcium 

resinate as the binder. The burning rate for this 

composition and the burning rates for the 

compositions containing the same fuel to oxidant 

ratio and up to 12% calcium resinate content are 

shown in Figure 1. An almost linear decrease in 

burning rate from 3.4 mm s
-1
 to 1.4 mm s

-1
 was 

observed as the calcium resinate content of the 

compositions was increased. 

 The burning rates for the compositions with 

different fuel to oxidant ratios plotted as a 

function of perchlorate content are shown in 

Figure 2. As the potassium perchlorate content of 

the compositions increased, the burning rate was 

found to decrease steadily from 4.7 mm s
-1
 to 

1.3 mm s
-1
; the composition equivalent to RS-41 

had a burning rate of 3.4 mm s
-1
. 

3.2 Exothermicity measurements 

Exothermicity determinations for the ternary 

compositions where the fuel to oxidant ratio was 

maintained at 1:1 are shown plotted as a function 

of calcium resinate content in Figure 3. A linear 

reduction in the exothermicity was observed with 

increasing calcium resinate content. The addition 

of 12% resinate resulted in a decrease in the 

exothermicity of around 34%. 

The exothermicity measurements for the 

composition containing 2% calcium resinate but 

different fuel to oxidant ratios are shown as a 

function of perchlorate content in Figure 4. The 

composition containing 53% perchlorate had the 

maximum exothermicity of 8.65±0.04 kJ g
-1
. 

3.3 Ignition studies 

When compared to the binary magnesium/ 

aluminium alloy-potassium perchlorate 

formulation the ternary compositions containing 

of 2% calcium resinate had an additional 

exothermic peak in the region of 565 °C. Neither 
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composition ignited under the test conditions 

used. 

Increasing the calcium resinate content of the 

ternary compositions above the 2% level gave an 

ignition reaction in the region of 550 °C 

(Figure 5). Thereafter, the ignition temperatures 

showed a small increase with increasing calcium 

resinate content.  

Ternary compositions containing 2% calcium 

resinate and from 35% to 63% 

magnesium/aluminium alloy were also studied 

(Figure 6); in all cases a non-ignition reaction 

was given. 

3.4 Non ignition DSC 

Non-ignition DSC studies at 10 °C min
-1 
on 

calcium resinate and mixtures with the 

magnesium/aluminium alloy and potassium 

perchlorate (Figure 7) showed that the additional 

peak observed at 550 °C during the ignition DSC 

experiments was due to the interaction between 

calcium resinate and potassium perchlorate. 

4. CONCLUSIONS 

For the compositions containing equal parts by 

mass of the alloy and potassium perchlorate, a 

linear decrease in burning rate was observed over 

the range 2% to 12% calcium resinate; the 

burning rate decreased by almost 60% over this 

range. A linear decrease in exothermicity was 

also observed over the same range but the 

decrease was only 34%. 

When the calcium resinate content was 

maintained at 2% and the alloy to perchlorate 

ratio changed the burning rate decreased by 

around 72% over the range 35% to 65% 

perchlorate. The exothermicity for these 

formulations increased until the level of 53% 

perchlorate, thereafter the exothermicity 

decreased. 

The ignition DSC experiments showed that the 

addition of calcium resinate results in an 

additional exothermic reaction which appears to 

influence the ignition of the compositions. The 

DSC experiments under non ignition conditions 

showed that this exotherm resulted from a 

reaction between the calcium resinate and 

potassium perchlorate. 
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7. TABLES 

 

Table 1: Formulation details for magnesium/aluminium alloy, potassium perchlorate and calcium 

resinate compositions. 

Magnesium/aluminium alloy                               

(%) 

Potassium perchlorate           

(%) 

Calcium resinate                   

(%) 

49 49 2 

48 48 4 

47 47 6 

46 46 8 

45 45 10 

44 44 12 

 

 

Table 2: Formulation details for magnesium/aluminium alloy, potassium perchlorate and calcium 

resinate compositions. 

Magnesium/aluminium alloy                               

(%) 

Potassium perchlorate           

(%) 

Calcium resinate                   

(%) 

63 35 2 

58 40 2 

53 45 2 

49 49 2 

45 53 2 

40 58 2 

35 63 2 
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8. FIGURES 
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Figure 1: Burning rate curve for magnesium/aluminium alloy-potassium perchlorate-

calcium resinate compositions with constant fuel:oxidant ratio and increasing 

calcium resinate content. 
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Figure 2: Burning rate curve for magnesium/aluminium alloy-potassium perchlorate-2% 

calcium resinate compositions. 
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Figure 3: Exothermicity curve for magnesium/aluminium alloy-potassium perchlorate-

calcium resinate compositions with constant fuel:oxidant ratio and increasing 

calcium resinate content. 
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Figure 4: Exothermicity curve for magnesium/aluminium alloy-potassium perchlorate-2% 

calcium resinate. 
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Figure 5: Ignition DSC curves for a range of magnesium/aluminium alloy-potassium 

perchlorate-calcium resinate compositions containing equal masses of 

magnesium/aluminium alloy and potassium perchlorate. 

(Sample mass, 20 mg; heating rate, 50 °C min
-1
; atmosphere, argon) 
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Figure 6: Ignition DSC curves for a range of magnesium/aluminium alloy-potassium 

perchlorate-2% calcium resinate compositions. 

(Sample mass, 20 mg; heating rate, 50 °C min
-1
; atmosphere, argon) 
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Figure 7: DSC curves for a range of mixtures of calcium resinate with 

magnesium/aluminium alloy and potassium perchlorate. 

(Sample mass, 20 mg; heating rate, 10 °C min
-1
; atmosphere, argon) 
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ABSTRACT 

To improve the anti-electrostatic performance of 

electrostatic discharge senstive primary explosive, 

graphene nanoplatelets (GNP) modified lead azide 

(LA) was prepared. The SEM was used to characterize 

the morphology of the products. The electrostatic 

spark sensitivity and static electricity accumulation of 

the obtained samples were investigated in detail. 

Results show that the electrostatic hazards of graphene 

nanoplatelets modified lead azide were reduced 

observably. 

1. INTRODUCTION 

Primary explosives are used in small quantities to 

generate a detonation when subjected to a small 

external stimulus, such as flame, heat, impact or 

electric spark [1, 2]. Lead azide is undoubtedly the 

most well known of the energetic inorganic azides and 

has been used for well over 90 years as an effective 

primary explosive [3]. However, LA is sensitive to 

electrostatic discharge and easy to accumulate the 

electrostatic charges, which endanger the operators 

during manufacture and applications seriously [4-6]. 

To improve the anti-electrostatic performance of LA, 

many modified products were prepared. Insensitive 

substances or conducting materials, such as paraffin, 

asphalt, graphite and carboxymethylated cellulose, 

were added into LA to mend its performances [7-11]. 

Since graphene was reported as the independent 

existence by Geim, it has been considered as a 

promising candidate in various applications [10]. Due 

to the unusual and excellent mechanical, electric, 

thermal and optical properties, graphene has aroused 

considerable interests, and it become a hot issue 

rapidly [11-17]. Graphene nanoplatelets i.e. multilayer 

graphenes has attracted attentions in the areas of 

function composites [18-22], solar cell [23-25], as 

well as electrocatalysts [26]. However, report about 

GNP applied in primary explosive has not appear. In 

view of the unique thermal and electrical conductivity, 

GNP was selected to modify LA. 

2. EXPERIMENTAL SECTION 

2.1. General method 

S4800 Field-Emission Scanning Electron Microscope 

(Hitachi, Japan) was used to characterize the 

morphology of the samples. 

JGY(II) electrostatic spark sensitivity tester was used 

to measure the sensitivity of samples when stimulated 

by electrostatic spark. Electrostatic power generator 

(EST806F), charging condenser (0.01 µF), vacuum 

discharge switch, the electrode gap length is 0.18 mm, 

negative charge. The test energy was taken to be the 

energy stored on the charged capacitor, was given by 

the formula E=0.5CV
2
. Where C is the capacitance of 

the capacitor, farads (F); V is charge voltage, volt (V). 

A series of 25-30 samples was tested using the up and 

down method for each condition, and the electrostatic 

spark sensitivity (E50) for 50 percent probability of 

ignition was calculated according to the usual 

Bruceton formula. 

The static electricity accumulation testing system is 

constructed as Fig. 1. A digital charge meter (EST111, 

measuring range: ± 10 pC ~ 20 µC, accuracy: ± 0.5 % 

indication) connected to the Faraday canister was used 

to measure the charge of the sample flow into the 

Faraday canister. When flowing out from the flume 

and into the Faraday canister, the static voltage of the 

sample was measured by a voltage probe connected to 

the vibration capacitor electrometer (EST102, 

measuring range: 0 ~ ± 200 V, ± 2 kV, ± 20 kV, 

accuracy: ±  5 % indication). Below the Faraday 

canister, there is a digital scale (accuracy: 0.001 g) 

which can continuous test the weight of the samples 

flowed in the Faraday canister. Signals of charge, 

voltage and mass were input a computer data 

gathering and processing system (EST406, collection 

frequency: 3.3 kHz, the allowedness is 100 kHz). And 

then, the continuous data were collected and processed 

in the computer. 5 g sample was placed in the sample 

box, then be poured into the flume and flow through 

it. Sample charged in the process of friction with the 

flume and flow into the Faraday canister. Continuous 

data of static charge (Q), voltage (U), as well as mass 

(m) of the testing sample were obtained. Various 
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flumes were used in this work. To maintain the 

accuracy of the obtained static electricity 

accumulation, eight tests were carried out in each 

condition, and averaged. 

 

Fig. 1: Schematic of the static electricity 

accumulation testing system. 

1–sample box; 2–flume; 3–voltage probe; 4–Faraday 

canister; 5–digetial scales; 6–vibration capacitor 

electrometer; 7–digital charge meter; 8–computer data 

gathering and processing system; 9–computer. 

2.2. Material and reagents 

All chemical reagents were used as purchased from 

commercial vendors without further purification. GNP 

(Purity: >99.5wt %, Layers: <30, Thickness: 4-20 nm, 

Diameter: 5-10 µm), Chengdu Organic Chemicals Co. 

Ltd., Chinese Academy of Sciences (Chengdu, China). 

2.3. Preparation of the samples 

LA was prepared by reaction of sodium azide with 

lead nitrate, the synthetic route of the title compound 

shows as fellow. 

3 3 2 3 2 370
2 ( ) ( ) 2oC
NaN Pb NO Pb N NaNO+ → +

 

GNP was added to the solution of Pb(NO3)2, 

ultrasonic dispersion for 10 min, then pour into glass 

reactor with strong stiring. Solution of NaN3 was 

dropwise added. Gray or black GMLA precipitation 

was obtained. After filter, washing and dry, GMLA 

products were obtained.  

3. RESULTS AND DISCUSSION 

The SEM images of the obtained normal LA and 

GMLA were displayed in Fig. 2. GNP and the crystals 

of LA are banded together uniformly, and the color of 

GMLA changed to black. Free-flowing property of 

GMLA is very well. 

 

 

Fig. 2: (a) SEM image of normal LA, (a1) SEM 

image of GNP as the raw material, (b) SEM 

image of GMLA. 

Fig. 3 shown the electrostatic spark sensitivity of 

GMLA samples with various content of GNP. 

Modified by GNP, the electrostatic spark sensitivity of 

LA decreased signally. We observe clearly that the E50 

of GMLA increased along with the increasing of the 

content of GNP. The E50 of normal LA is 0.11 J. As 

the content of GNP below 1 wt %, the E50 of GMLA 

increased rapidly. When the content of GNP is above 

1 wt %, the E50 of GMLA basically stabilizes and no 

longer increases much, with the values of 0.73 J (1 wt 

% GNP). Since the capacitance of capacitor is 0.01 

µF, the 50 % ignition voltage increased from 4.69 kV 

to 12.08 kV. 
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Fig. 3: Electrostatic spark sensitivity of GMLA 

with various content of GNP. 

Static electricity accumulation of granular energetic 

materials is used to characterize the electrostatic 
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charges generated by friction with other objects. 

Which is measured by the charge density of mass (Q) 

with the unit of nano-coulomb per gram (nC g
-1
). 

Flume is the main part in the testing system of static 

electricity accumulation, different materials of flumes 

were used to simulate the triboelectrification between 

granular energetic materials and various materials of 

device employed in preparation and application. In 

this work, stainless steel, fabroil, aluminium, 

conductive rubber and shellac painted kraft flumes 

were selected. The length of flume is 60 cm, with a tilt 

angle of 45 degree. 5 g samples were applied to test 

the static electricity accumulation of GMLA. 

The static electricity accumulation of GMLA with 

various GNP contents were tested and displayed in 

Fig. 4. The largely reduced static electricity 

accumulation of GMLA compared with the normal 

LA were found by using all the five flumes. LA is 

easy to loss electrons and generate positive charges in 

the process of contact and separate with fabroil, 

conductive rubber and shellac painted kraft flumes, 

with the static electricity accumulation are 8.49, 2.83 

and 8.24 nC g
-1
, respectively. When friction with the 

stainless steel and aluminium, LA accumulated little 

negative charges, with the static electricity 

accumulation of -1.60 and -0.52 nC g
-1
. The static 

electricity accumulation of GMLA obtained by both 

methods with stainless steel and aluminium flumes are 

almost eliminated. The static electricity accumulation 

of GMLA decreased with the increasing of content of 

GNP, as the content of GNP is higher than 0.5 wt %, 

the static electricity accumulation reduced to very 

little. The static electricity accumulation of GMLA 

with 1 wt % GNP reduced to 2.73, 0.34 and 1.08 nC g
-

1
 for fabroil, conductive rubber and shellac painted 

kraft flumes, respectively. In conclusion, the addition 

of GNP to LA can well improve the anti-electrostatic 

performance. The best applicable GNP content was 

identified as 1 wt %, comprehensively. 
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Fig. 4: Static electricity accumulation of GMLA 

with various content of GNP. 

4. SUMMARY AND CONCLUSIONS 

In summary, GNP was used to modify lead azide in 

this work. By adding graphene nanoplatelets to the 

reaction solution, the obtained GMLA exhibit 

excellent anti-electrostatic performance with the 

depressed electrostatic spark sensitivity and static 

electricity accumulation. With 1 wt % GNP, GMLA 

will be applied in many igniters as a replacement of 

normal LA, also as a new conductive primary 

explosive used in the associated ignition devices. 
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ABSTRACT 

The electrical and mechanical sensitivities and the 

pyrotechnical properties of Al/WO3 nanothermites 

with graphitized carbon black (V3G), amorphous 

carbon black and nanographite as additives were 

compared. Graphitic carbon was selected for its 

properties of lubrication and electrical conductivity. 

The influence of the carbon mass content was studied. 

Modulations of pyrotechnical and sensitivity 

properties were achieved. Insensitivity to impact is 

preserved whereas desensitization to friction stimuli is 

reached even with low carbon content, ca. 5% by 

mass. However, no evolution has been observed for 

electrostatic discharge sensitivity. In the later case, 

experiments are realized on nanothermite loose 

powder: porosity is too high to reach electrical 

percolation. 

1. INTRODUCTION 

There has been growing scientific interest in energetic 

material such as thermite in last decade. Thermite 

could replace classical primary explosives made of 

lead azyde, lead styphnate which are substances 

banned by European regulation (REACH). Energetic 

material such as thermite is made of metal and 

ceramic oxide powders. They are characterized by a 

highly exothermic redox reaction where temperatures 

can theoretically be as high as 7000 K depending on 

the system (Fischer and Grubelich 1998). Whereas 

aluminium is the most common metal used, a large 

variety of oxides have been studied such as Bi2O3, 

CuO, Fe2O3, MoO3 or WO3. Due to the 

nanostructuration of metal and oxide particles, 

thermite reactivity is enhanced. Parameters 

influencing the pyrotechnical properties have been 

widely studied such as the size of metal and oxide 

particles (Pantoya and Granier 2005) or the 

stoichiometry (Sanders et al. 2007). Although 

increasing combustion speed is of great importance, 

safety is a major concern too. Indeed, 

nanostructuration not only increases thermite 

reactivity but also increases sensitivity to mechanical 

or electrical stimuli which could generate an unwanted 

initiation of the energetic material combustion. 

Nanothermites sensitivity thresholds have been 

determined on few articles (Comet et al. 2010), (Gibot 

et al. 2011), (Siegert et al. 2010). Desensitizing 

nanothermites is necessary to meet the NATO 

standard (STANAG 4487, 4489, 4490). 

The aim of this study is to develop safer nanothermites 

by desensitization with additives without 

pyrotechnical properties degradation. Additives have 

already been used in thermites for applications such as 

gas generation (Bezmelnitsyn et al. 2010) or 

modulation of thermite reactivity (Prakash et al. 

2005), (Prentice et al. 2005), (Kappagantula and 

Pantoya 2012). Siegert et al. (2010) have desensitized 

an Al/MnO2 nanothermite by crystallizing the oxide 

into carbon nanotubes. With 40 % by mass of carbon, 

desensitization (friction and electrostatic discharge) 

was achieved. A drastic decrease of the combustion 

velocity was also recorded. Kappagantula et al. (2012) 

have studied the effect of different carbon 

nanostructures on the thermal properties and the 

impact ignition of an Al/Teflon® nanothermite. For 

impact tests, nanothermites with carbon nanotubes is 

sensitized while no evolution of impact threshold is 

observed when nanographite mass content varied in 

the range 0 – 5%. At higher carbon content, all the 

nanothermites with additives have been sensitized: 1.5 

J and 0.3 J for 0 and 20 % respectively. When the 

impact occurs, friction is generated locally forming 

hotspots. 

For this work, we have chosen a graphitized carbon 

black additive with a specific amorphous carbon core 

– graphitic shell structure. We report the effect of the 

carbon additive on the pyrotechnical and sensitivity 

properties of an Al/WO3 nanothermite. Carbon mass 

content was varied in the range 0 –5 % for 

pyrotechnical properties measurements and 0 – 50 % 

for sensitivity thresholds determination.  

mailto:arnaud.bach@isl.eu
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2. EXPERIMENTAL SECTION 

2.1 Thermite material and preparation 

Fuel used in this study was aluminium nanoparticles 

supplied from Novacentrix, US (SBET = 40 m²/g,  = 

50 nm). The oxidizer was tungsten trioxide (WO3) 

nanoparticles purchased from DK Nanomaterials, 

China (SBET = 17 m²/g, 40 nm x 100 nm). Graphitized 

carbon black V3G (SBET = 72 m²/g,  = 50 nm) and 

amorphous carbon black a-CB (SBET = 92 m²/g) were 

obtained from Cabot Corporation, US. Nanographite 

NG (Graphene Nanopowder Grade A0) was purchased 

from Graphene Supermarket, US (SBET = 100 m²/g). 

Aluminium and tungsten trioxide react through the 

following aluminothermic reaction [1]: 

2 Al + WO3 → Al2O3 + W  [1] 

Thermites are classically prepared with an excess of 

fuel. The equivalence ratio Φ is determined with the 

following equation 2: 

 
 [2] 

where MF and MO are the mass ratio of fuel and 

oxidizer,  (exp) and (st) stand for experimental and 

stoichiometry. The Al/WO3 thermite optimal ϕ  value, 

where combustion velocity is maximal, is 1.4 as 

determined by Sanders et al. (2007)  

In a round-shaped bottom flask, a calculated amount 

of aluminium, tungsten trioxide and carbon is 

dispersed in 60 mL of acetonitrile. The suspension 

was homogenized by ultrasonication and stirring 

during 1 hour. Acetonitrile was removed by 

evaporation under vacuum (0.2 bar) at 80 °C during 1 

hour. A black powder is obtained. Combustion 

properties are determined on nanothermite pellet 

whereas sensitivity properties were measured on loose 

powder.    

2.2 Combustion properties measurement 

For combustion properties recording, nanothermite 

powder was packed into a cylindrical pellet using a 

hydraulic press (97 MPa, 1 min). The apparent density 

is determined by measuring the mass and the volume 

of the pellet. Fischer (1998) has determined the 

theoretical maximum density (TMD) of an Al/WO3 

mixture: 5.458 g/cm
3
. Pellet density has a value in the 

range 45 to 50% of this TMD. Pellets are glued on a 

duralumin support and then mounted in the laser 

induced combustion apparatus (fig. 1). 

 

Figure 1: Schematic of the laser induced 

combustion apparatus.  

A pulsed CO2 laser (22 W, pulse of 0.25 µs, 1 kHz) 

irradiated the surface of a pellet. Combustion is 

realized without confinement of the energetic material. 

The laser emission is stopped when the first flame of 

the aluminothermic reaction is detected by a 

photodetector. An oscilloscope is used to determine 

the ignition delay time (IDT). A high speed camera is 

used to record a movie (20 000 fps) of the combustion. 

Combustion duration is determined using the movie 

and combustion velocity (Vcomb) is calculated 

knowing the height of the pellet.     

2.3 Sensitivity properties measurement 

Pyrotechnic hazard classification of energetic material 

is determined due to their threshold values to impact 

(NATO STANAG 4489) and friction (NATO 

STANAG 4487) solicitations. Table 1 illustrates the 

sensitivity classes for energetic materials. 

Table 1: Classification of energetic material 

according to their sensitivity. 

Sensitivity 

class 
Impact (J) Friction (N) 

Insensitive > 40 > 360 

Moderately 

sensitive 
35 – 45 80 – 360 

Sensitive 4 – 35 10 – 80 

Very sensitive < 4 < 10 

 

Impact sensitivity is determined on a BAM Fall-

Hammer apparatus. Experimentally, energetic material 

is inserted between two metallic sticks. A hammer (1 

or 5 kg) fell from various heights (max. 1 m) on the 

energetic material. The impact threshold value is 

given in Joule (J). Friction sensitivity is determined on 

a BAM Friction apparatus. Experimentally, energetic 

material is sandwiched between ceramic plate and 

stick: the applied force is varied by modulating 

weights in different positions on a lever arm. The 

friction threshold value is given in Newton (N). 

Electrostatic discharge (ESD) sensitivity is an 

essential criterion for thermite and nanothermite. 

Indeed, both are extremely sensitive to ESD as 

described by Comet et al. (2010) and Gibot et al. 

(2011). Values of 0.14 mJ were determined whereas 

the French Société Nationale des Poudres et Explosifs 
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(SNPE) estimated that ESD generated by a non-

grounded human body can be as energetic as 150 mJ. 

ESD sensitivity is determined on an OZM Research 

apparatus. Experimentally, an electric arc is generated 

by a high voltage (> 4 kV) between two electrodes 

separated by 1 mm. Energetic material is placed 

between the electrodes. The ESD threshold value is 

given in milli-Joule (mJ). In both sensitivity tests, the 

threshold is the highest value where 6 reaction tests 

are all related to a combustion no-go result. Reaction 

can start with a probability of 97 % at that threshold 

value.   

3. RESULTS AND DISCUSSION 

We present in this section the results concerning the 

insertion of a graphitized carbon black in an Al/WO3 

nanothermite.  

3.1 Pristine material characterization 

 Images of aluminium nanoparticles obtained by 

Transmission Electron Microscopy (TEM) show a 

distribution of spherical-shaped nanoparticles with a 

mean diameter of 50 nm (fig 2). Images illustrate a 

core-shell structure. Each particle of aluminium is 

covered by a 3 - 4 nm shell of amorphous alumina 

(Al2O3). Thermo-gravimetric analysis performed on 

aluminium powder has revealed an alumina mass 

content of 40 %. Specific surface area was determined 

by nitrogen adsorption at 77 K following the Brunauer 

Emmet Teller (BET) method. Value was found to be 

40 m²/g.  

TEM images of tungsten trioxide (WO3) nanoparticles 

reveal a plate-shaped morphology with lateral size of 

40 – 60 nm and 100 – 200 nm long. Specific surface 

area is found to be 17 m²/g. XRD analysis was 

realized on a Brucker D8 Advance diffractometer 

using a Cu Kα radiation. All peaks form the 

diffractogram can be attributed to a monoclinic 

structure with a P21/n space group according to the 

JCPDS card No. 01-083-0950.  

 

Figure 2: Transmission electron microscope images 

of aluminium nanoparticles. Amorphous 

alumina shell is evidenced by white arrows. 

 In the following section, graphitized carbon black will 

be referred as V3G. TEM images reveal a spherical-

shaped morphology with mean diameter in the range 

40 – 50 nm. High resolution TEM images highlight a 

core-shell structure: a graphitic shell covering an 

amorphous carbon core (fig. 3). Stacking of graphitic 

plans can be seen with spacing of 0.349 nm. For pure 

graphite, interlayer distance has a value of 0.335 nm. 

Difference can be found in the small size of the 

nanoparticles and their curvature radius. Specific 

surface area was found to be 72 m²/g. With the 

hypothesis of a dense spherical-shaped particle, 

calculated diameter has a value of 45 nm. 
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Figure 3: Transmission electron microscopy (TEM) 

images of graphitized carbon black 

nanoparticles. An amorphous carbon core – 

graphitic shell can be observed on high 

resolution TEM image.  

3.2 Sensitivity properties of an Al/WO3 

nanothermite 

3.2.1 Adding of different carbon nanostructures 

Effects of three different carbon nanostructures (V3G, 

a-CB and NG) on the electrical and mechanical 

sensitivities were studied. Additive mass content was 

fixed at 3 % by mass. Raw nanothermite insensitivity 

to impact stimuli is preserved for each nanostructure 

except when using the nanographite additive. During 

impact, friction between particles initiates the 

aluminothermic reaction. Impact is a quasi 

instantaneous phenomenon, graphite lubrication is 

ineffective compared to the friction sensitivity test 

were additives with graphitic phase lead to a 

desensitization to friction. Concerning the electrostatic 

discharge, the extreme sensitivity is maintained whit 

the adding of a carbon phase. As the experiment is 

realized on loose powder, electrical percolation is not 

reached. 

3.2.2 Effect of the mass content of a carbon additive 

The graphitized carbon black V3G additive was mixed 

into the Al/WO3 nanothermite following a mass 

content ranging from 0 to 50 %. No evolution have 

been observed for impact sensitivity i.e. preservation 

of the insensitivity. Friction threshold is linearly 

increased due to graphite lubrication. Concerning the 

electrostatic discharge, the threshold increase is 

observed for high carbon mass content (> 20 %). 

3.3 Pyrotechnical properties of an Al/WO3 

nanothermite 

In a general point of view, the adding of carbon 

additives leads to the degradation of the pyrotechnical 

properties: decrease of the combustion velocity and 

increase of the ignition delay time.  

3.3.1 Adding of different carbon nanostructures 

Nanothermites with graphitic additives have the 

slowest combustion velocity and the longest ignition 

delay time. This observation can be explained by the 

fact that graphite combustion needs more energy than 

amorphous carbon, leading to the degradation of the 

pyrotechnical properties. 

3.3.2 Effect of the mass content of a carbon additive 

When varying the carbon mass content of V3G 

additive, a high decrease of the combustion velocity is 

observed up to 1 %. At higher values this phenomenon 

is limited. About the ignition delay time, this one is 

function of the mass content of the additive: the lowest 

value is obtained for the higher amount of carbon. 

4. CONCLUSIONS 

The aim of this study was to modulate the 

pyrotechnical and sensitivity properties of an 

aluminium/tungsten trioxide nanothermite by using a 

carbon additive. A graphitized carbon black was 

selected for its particular structure made of an 

amorphous carbon core covering a graphitic shell. 

Compared with a pure graphitic and a pure amorphous 

carbon additive, the nanothermite with the graphitized 

carbon black is desensitized to mechanical 

solicitation: impact and friction. Moreover no effect 

on electrostatic discharge was observed. Modulations 

of the pyrotechnical properties were achieved by the 

adding of carbon additive on a binary Al/WO3 

nanothermite. 
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ABSTRACT 

Besides the preparation of ultra fine energetic 

particles, their characterization and further processing 

is of highest importance. Strong interparticle forces 

and the high reactivity of submicron particles impede 

the further processing by dry or wet mixing 

techniques. Using the flash-evaporation technique 

highly homogeneous nano-composites can be prepared 

in a single processing step. Energetic nano-composites 

can be prepared from all soluble starting materials but 

also from nano-dispersions. By means of atomic force 

microscopy (AFM), scanning electron microscopy 

(SEM) and cryo transmission electron microscopy 

(CryoTEM), the particle size and the distribution of 

the components were examined. Using the flash-

evaporation technique a highly homogeneous 

distribution in the submicron scale can be obtained, 

maxing out the high potential of the nanomaterials and 

opening the way to new materials. Nano-composites 

may exceed the capabilities of classic composites and 

play a key role in the synthesis of other nanomaterials. 

The preparation of ultra fine binary and ternary 

nitrocellulose composites by this technique may also 

be an economic alternative to the conventional mixing 

and kneading process.   

1. FLASH – EVAPORATION TECHNIQUE 

The last years showed a growing interest in 

nanomaterials in various fields of research. Because of 

their large surface to mass ratio, what they are famous 

for, nanomaterials may exhibit a considerably higher 

reactivity than their micron-sized equivalent. In 

various fields of research, the substitution of one or 

more compounds by the corresponding nanomaterial 

may lead to a higher reactivity, to a higher yield or to 

the savings of raw material. Many nanomaterials that 

are commercially available today belong to the group 

of nano-metals and nano-oxides, being stable up to 

several hundreds degree Celsius and can be prepared 

in large amounts. In many cases these materials can be 

used in the same manner as their micron-sized 

equivalent without altering their nanostructure. 

However, common organic substances are not often 

that stable. As numerous organic substances are very 

thermo sensitive, their nanostructuration is quite a 

challenge, prohibiting high temperature processes that 

may lead to their decomposition. Furthermore, in 

many crystallization and precipitation processes 

recrystallization and crystal growth may occur as a 

consequence of Ostwald ripening. Besides the 

preparation of these materials, special precautions 

must also be taken in their manipulation, as liquids or 

damp environments may cause their recrystallization.  

The flash-evaporation process bases on an advanced 

spray drying process whereby high evaporation rates, 

essential for ultra fine particles, are obtained by 

atomizing a superheated solution into an evacuated 

chamber. By using common solvents such as acetone, 

ethyl acetate, methyl formate or methyl t-butyl ether 

(MTBE), or mixtures of those, the process can be 

adapted to various compounds and even compositions. 

Preparing nano-composites directly from the starting 

solution, an extraordinary high homogeneity can be 

obtained in a single processing step.  

The driving force in the flash-evaporation process is 

the adiabatic evaporation of the solvent. The 

pressurized liquid, noticeably heated above its normal 

boiling point, evaporates instantaneously once the 

liquid is subject to a sudden pressure drop (fig. 1).  
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Figure 1: Adiabatic evaporation; temperature and 

pressure course.   

The sharp temperature drop accompanying the 

evaporation of the solvent has a protective effect for 

the nanocrystallized particles. 

In contrast to classic spray drying processes where the 

particle size directly depends on the droplet size and 

the solute concentration, the contrary behaviour can be 

observed for the flash-evaporation process. As the 

whole evaporation and crystallization process happens 

within the fraction of a second, nucleation kinetics 

have a greater influence on the particle size than 

crystal growth kinetics. The critical nucleus size cd  

(Mullin, 2004) indicates the minimum size of a stable 

nuclei:  

           
STR

d c
ln

4

⋅⋅

⋅⋅
=

νσ
                          [1] 

with σ  the surface energy , ν  the molecular volume 

and S  the supersaturation. The supersaturation is 

defined as: 

      

∞

=
c

c
S                                  [2]       

with c  the actual concentration of the solute and 

∞
c the solubility of the solute. By increasing the 

solute concentration in the starting solution smaller 

particles are obtained. As positive side-effect of this 

behaviour, the production capacity increases. 

By means of a laboratory scale prototype of the 

flash-evaporation process (Risse, 2012), ultra fine 

energetic materials can be prepared in a continuous 

mode in multigram scales (fig. 2). 

 

 Figure 2: Flash-evaporation process flowchart.  

The process depicted in figure 2 is divided into a high-

pressure and a low-pressure section. A hollow cone 

nozzle, where the pressurized solution is heated to its 

target temperature, represents the transition from the 

high-pressure to the low-pressure section. By means 

of compressed nitrogen, the overpressure in the 

storage tanks is maintained constant at about 40 bars. 

The pressure in the low-pressure section, comprising 

of the atomization chamber and the axial cyclones, is 

held constant in-between 3 and 6 mbars absolute 

pressure by means of a vacuum pump. Axial cyclones 

arranged in parallel enable the continuous separation 

of the ultra fine particles from the gaseous 

environment. Depending on the product and the 

process parameters, production capacities of 8 g/h 

were already attained.         

 

 

2. NANOSTRUCTURED RDX AND 

COMPOSITES 

Nanostructured RDX was prepared from 320 mL of a 

2 wt-% RDX-acetone solution that was atomized at 

170 °C with a pressure of 50 bars using a 50 µm 

hollow cone nozzle. During the atomization, the 

temperature in the atomization chamber in the center 

of the spray cone immediately fell to -30 °C. In total, 

1,6 g of nanocrystallized RDX was collected in 

37 minutes, resulting in a production capacity of 

2,6 g/h. 

In the same manner a RDX-wax composite, 

containing 1 wt-% Clariant
®
 Licowax BS, was 

prepared. 7,9 g RDX with 79 mg Licowax were 

dissolved in 500 mL acetone while stirring and 

slightly heating. The solution was atomized under the 

same operating conditions as pure RDX, but 

production capacity in this run was higher than before. 

3,73 g of the RDX-wax composite was collected by 

the cyclones in 1 hour. 

Using SEM imaging, a median particle size of about 

500 nm could be observed in both samples (fig. 3). 
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 Figure 3: SEM image of RDX-wax composite.  

As the sample in figure 3 is exposed to ultrahigh 

vacuum, evaporation of the smallest particles and 

condensation at the surface of larger ones is likely to 

occur. For this reason, AFM images taken at 

atmospheric pressure and room temperature usually 

show the presence of noticeably smaller and 

multifaceted particles (fig. 4).  

 

 Figure 4: AFM image of nanocrystallized RDX. 

By means of CryoTEM measurements of 

nanocrystallized RDX one can see that the particles 

appear to be  free of any inclusions (fig. 5). 

 

 Figure 5: CryoTEM image of nanostructured 

RDX obtained by the flash-evaporation process. 

Despite the absence of visible inclusions or defects, 

generally accepted as the source of hot-spots, pure 

nanocrystallized RDX is relatively sensitive towards 

impact (tab.1). 

Table 1: Sensitivity to impact, friction and ESD of 

nanostructured RDX and RDX-wax 

composite. 

 
Nanostructured 

RDX 

Nanostructured 

RDX-wax 

Impact [J] >1,56 >3,52 

Friction [N] >360 >360 

ESD [mJ] 315,34 374,09 

It is assumed that, by decreasing the particle size and 

eliminating the number of possible internal hot spots, 

the role of external hot spots, especially interparticle 

voids, becomes more and more important.  

By reducing the particle size, zones, prone for creating 

hot-spots, are transferred from the particle inside to its 

exterior, becoming more accessible and easier to 

eliminate (fig. 6). Adding wax to the explosive 

solution the interparticle voids become partially filled; 

reducing the number of external hot-spots and 

desensitize the nanostructured RDX.   

 

Figure 6: Scheme of intrinsic defects transferred to 

the particle outside. 

As the initiation of explosives is basically a conflict 

between heat generating and heat dissipating 

processes, the large surface area of nanostructured 

particles is advantageous for fast heat dissipation. 

Current work focuses on filling the interparticle voids 

with thermodynamic suited compounds in view of a 

further desensitization. 

      

3. ELABORATION OF NANOSTRUCTURED 

PROPELLANTS 

The preparation of nitrocellulose propellants is a time 

and energy consuming process consisting of multiple 

steps of mixing and kneading in order to obtain a 

homogeneous product. Small variations in the 

composition of a propellant can lead to conditions 

having devastating consequences e.g. variations in the 

projectile velocity, increased wear of the material or a 

blown up barrel. Adding commercially available 

nanomaterials to the nitrocellulose to improve the 

propellant characteristics necessitates intense mixing 

for a homogeneous distribution. Benefitting from the 

flash-evaporation process, multi-compound nano-
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compositions can be prepared in a single processing 

step, exhibiting a homogeneous distribution of the 

compounds below the micron scale.     

Briefly demonstrated in the PhD-thesis (Risse, 2012), 

the flash-evaporation process is also suited for the 

preparation of nanostructured nitrocellulose. 

Three different propellant formulations were 

nanocrystallized and subsequently examined. In two 

of the propellant formulations a small percentage of 

nanodiamonds (ND) or nanosized aluminium particles 

(Al) were additionally dispersed in the starting 

solution. The solutions were prepared one day in 

advance and were allowed to shake over night. All 

compounds were dissolved in a mixture of 800 mL 

acetone and 200 ml MTBE. Subsequently, the 

solutions were atomized by a 60 µm hollow cone 

nozzle at 140 °C and a pressure of 40 bars. Prior 

utilisation, ultrasound was applied to the solutions 

blended with the nanoparticles, ensuring a 

homogeneous distribution. 

The product obtained after each run had a 

homogeneous color and a slightly rubbery consistence. 

Approximately 80 mg of every product was used to 

prepare a pellet of ca. 4 mm in height and 4 mm in 

diameter.  With a pressure of 100 MPa, pressing 

densities of 1,618; 1,624 and 1,607 g/cm³ were 

obtained for TLP 1, TLP 2 ND and TLP 3 Al.  

Using a Leica Microtom approximately 200 µm of the 

surface of each pellet was scraped off. The pellets 

with smoothed surface were subsequently analysed via 

AFM (fig. 7).  

 

 Figure 7: AFM image of the TLP 2 ND surface. 

AFM images of each pellet revealed that submicron 

particles of 300 to 500 nm are imbedded into a 

continuous matrix. As nitrocellulose chains only 

slowly dissociate in acetone it is assumed that the 

continuous matrix is composed of incompletely 

dissociated molecule chains. 

SEM and CryoTEM measurements of the TLP 2
 
ND 

sample showed that nanodiamonds were partially 

embedded inside of the particles, whereas larger 

agglomerates occasionally were found at their outside 

(fig. 8).   

  

Figure 8: SEM image of TLP 2 ND showing a 

nanodiamond agglomerate. 

Using the electron beam of the CryoTEM (fig. 9), a 

single particle was partially decomposed, uncovering a 

small depot of nanodiamonds inside. 

 

Figure 9: CryoTEM images of TLP 2 ND. 

Decomposing the particle (left) by focussing the 

electron beam onto it, uncovers nanodiamonds 

inside (right). 

The presence of nanodiamond agglomerates 

demonstrates the difficulty to create and maintain 

stable nano solutions. As nanodiamonds, as well as 

nano aluminium, have the tendency to agglomerate 

and to sediment, precautions must be taken 

guaranteeing an unchanging composition of the 

starting solution during the whole experiment.    

In current works, the role of the dissolution behaviour 

of nitrocellulose and its additives in different solvents 

is studied in view of their future application in the 

Flash-Evaporation process. 

 

4. CONCLUSION 

The Flash-Evaporation process, basically described 

here, is a well suited technique for the 
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nanostructuration of explosives and their composites. 

The use of common solvents allows the 

nanostructuration of numerous organic and inorganic 

substances at moderate temperatures. The required 

high degree of supersaturation is achieved by 

atomizing superheated solutions into the vacuum. The 

sharp temperature drop accompanying the 

crystallization process is advantageous for the 

preparation and conservation of thermo-sensitive 

nanomaterials, especially explosives. By using two 

axial cyclones in parallel a continuous production is 

ensured.    

Nanostructured RDX is very sensitive towards 

initiation by impact. As CryoTEM images have 

shown, the ultra fine particles obtained by the flash-

evaporation process are free of visible inclusions. It is 

assumed that, by decreasing the particle size the 

interparticle voids become more and more important, 

acting as possible external hot-spots. By 

nanocrystallizing a RDX-wax composite, a 

considerable desensitization towards impact could be 

observed. Therefore, filling the interparticle voids is 

an effective way to eliminate external hot-spots and 

desensitize the nanostructured explosive.  

As the preparation of propellants on nitrocellulose 

basis is a very energy consuming process, the 

nanocrystallization of complete propellants by the 

flash-evaporation process could be an economic 

alternative to the existing kneading processes. Three 

different nano-propellants basing on nitrocellulose, 

RDX and Methyl-NENA were nanocrystallized. In 

two of the nitrocellulose starting solutions 100 mg of 

nanodiamonds, respectively nano-aluminium, were 

dispersed. By means of SEM and CryoTEM 

measurements, nanodiamonds could be found inside 

of larger particles as well as separate agglomerates 

next to them, well demonstrating the importance of a 

homogeneous and stable starting solution.   
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ABSTRACT 

The last decade has been a period of fast evolution of 

pyrotechnics applications for satellites.  

The satellite HDRM (Hold Down and Release 

Mechanism) specifications have introduced "low 

shock" requirements and the past designs based on 

explosive devices such as bolt cutters and separation 

or release nuts are now replaced by “low shock” non-

explosive actuators. Additional constraints on cost, 

lifetime and reuse have pushed forward this 

technological trend. The CNES, the French Space 

Agency, is supporting the development of such 

actuators and a brief overview of these technologies 

will be presented hereafter. 

However, some niche domains still exist for the 

explosive technology. Applications are the 

consequence of the French Space Operations ACT and 

the ESA (European Space Agency) Clean Space 

Initiative. The requirements for the passivation of the 

electrical and propulsion systems at the end of life of 

satellites as well as the debris mitigation during 

atmospheric re-entry are new challenges. Explosive 

technologies may provide solutions but require the 

demonstration of an in-orbit long term storage 

capability (up to 15 years).  

This paper is an overview of the CNES R&D activities 

on these topics. A focus will be given on the 

demonstration of the lifetime extension by the 

replacement of double base powder by secondary 

explosive for gas generated actuated devices, the 

development for the propulsion systems passivation of 

a micro perforator based on µEFP (Explosively 

Formed Projectile). 

1. INTRODUCTION  

In less than 5 years, European satellites have 

implemented non explosive technologies to replace 

the bolt cutters or release nuts currently used to hold 

down and release appendages. 

Several reasons explain the Primes decision to replace 

the explosive devices by alternative technologies. 

Initially the shock reduction when actuation was the 

main requirement. The first application was on 

scientific space missions where payloads are very 

sensitive. But quickly the Prime contractors (Astrium 

Satellite and Thales Alenia Space) identified other 

advantages compliant with their cost saving 

objectives: absence of lifetime limitation, capability of 

testing and reusability thanks to reset operations, 

simplification of the electrical monitoring and 

command unit.  Then the technology is now widely 

implemented on satellite constellations (e.g. Iridium – 

Globalstar) but also Telecom (Eurostar and Spacebus). 

An important drawback is that the only qualified 

providers are US companies with ITAR constraints.  

 

Figure 1: NEA Electronics release nut Eurostar 

3000 platform (Astrium Satellite). 

 

Figure 2: NEA Electronics release nut Spacebus 

4000 and Prisma platforms (Thales Alenia 

Space). 

Then, the CNES, in the frame of R&D Program, is 

managing the development of a Resettable Ultra Low 

shock separation nut (RULSA) with a 30kN preload 

capability. 

A PDR is in preparation and the CDR is scheduled for 

mid2014.  

The RULSA design introduces an important 

improvement in comparison with the devices that may 

be refurbished by their manufacturer (e.g. NEA 
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Electronics separation nut). The RULSA may be reset 

even mounted on the spacecraft. Thus, when testing 

the satellite appendages deployment, costly time is 

saved during the integration and verification 

operations  

Now, the market of pyrotechnics for commercial 

satellites is shrinking to the normally open (NO) or 

close (NC) pyro valves. The European satellite market 

is roughly 250 parts a year. 

In June 2008, France introduced the “Loi relative aux 

opérations spatiales” (French Space Operations Act n° 

2008-518) and the technical regulations implementing 

decree. 

This document requires moreover, “that the systems 

must be designed such that, following the disposal 

phase: 

- all the on-board energy reserves are permanently 

depleted or placed in such a condition that they entail 

no risk of generating debris. 

- all the means for producing energy on-board are 

permanently deactivated.” 

These requirements lead to the opportunity to develop 

new concepts of explosive devices. The papers deals 

with the research and development activities 

performed with ISL (the French German Research 

Institute of Saint Louis) and in house at the CNES 

Toulouse Pyrotechnic Laboratory. 

2. PASSIVATION OF THE SATELLITE 

PROPULSION SYSTEM 

Firstly, it is necessary to present the design of the 

propulsion systems onboard the satellites.  

The Hydrazine (N2H4) propellant is widely used on 

LEO (Low Earth Orbit) satellites (figure3). The 

pressuring gas (N2) is separated from the propellant 

by a membrane. 

 

Figure 3: N2H4 propulsion system of Myriade 

satellite family (CNES). 

For Telecom satellites the propulsion system is a bi- 

propellant. Nitrogen peroxide (N2O4) and mono 

methyl hydrazine (MMH) tanks are helium (He) 

pressurized after the separation of the launcher. 

Afterwards, the pressuring system is isolated by firing 

normally open pyro valves. 

 

Figure 4: AlphaBus Bipropellant Propulsion 

Schematic (EADS ASTRIUM LAM website). 

 

The passivation of the propulsion system is achieved 

by expelling the liquid propellants through the 

thrusters but the pressuring gases remaining in the 

tanks and tubing cannot be released this way.  

For the LEO satellites with a lifetime objective of 10 

years, the gas passivation shall be achieved after the 

last deorbiting maneuvers. For Telecom, under CNES 

contracts, the Prime contractors have identified two 

strategies.  

The first one is achieved at the end of the LEOP 

(Launch and Early Orbit Phase) corresponding at 

approximately 10 days after launch; the second one is 

done on the graveyard orbit at least 15 years after 

launch. 

The gas passivation at the end of satellite mission may 

be achieved with explosive devices inside the 

platform. But at the beginning of life, this is not 

acceptable due to the risk of Corona effects. An 

additional constraint to the lifetime is the thermal 

environment. Both constraints are critical for the off 

the shelf explosive devices to be used.  

European space pyro valves devices are fitted with 

squibs loaded with 100mg of double base powder. 

(figure 5) 
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Figure 5: ASTRIUM LAM Pyrovalves. 

The lifetime of the squibs is given for seven years and 

consequently does not comply with the 10 or 15 years 

in orbit storage required with temperature ranging 

from 20°C to 50°C. When located outside the satellite, 

the temperature of the explosive devices will be of the 

order of +/-110°C. The user manual of the pyro valves 

outlines the operational temperatures of -90°C to 

+100°C (40h max.) 

These requirements are very challenging and the 

CNES Pyro Lab has focused on designing and testing 

solutions based on the use of insensitive high 

temperature energetic materials such as secondary 

explosives. 

2.1 Squib and booster charge upgrade 

An in house research activity started in 2010 (1) has 

confirmed the possibility to replace the double base 

charge PBC 667 (grain size 0,2mm – caloric output 

1230cal/g) by a RDX 0-100µm charge. The first task 

was achieved with firings in pressure closed vessel 

and an equivalent reloading factor has been defined 

(mass decreasing of approximately 12.5%).  

The second task was a thoroughly program of 

verification with a pyro device. The interchangeability 

study has been done with bolt cutters P/N 

7CCD45PWH (figure 6) that are used on CNES Earth 

observation satellites (SPOT – HELIOS – 

PLEIADES) for solar array release. The 120mg PBC 

667 booster charge has been replaced by a 100mg 

RDX pellet; 3mm diameter compression 600 bars.   

 

 

 

Figure6: Bolt cutter 7 CCD45PWH90° (Dassault 

Aviation). 

Test objectives;   

• Reliability demonstration 

• Integrity demonstration 

• High temperature sterilization 

• Lifetime extension 
 

2.1.1 Reliability demonstration 

The maximum bolt diameter (15-5PH H1025 steel) to 

be cut is 4,3 mm. For reliability demonstration, the 

worst case parameters are applied:  firing temperature 

-100°C _ Ø4,95 mm bolts without any preload are 

used and according to (2) the successful tests shall be 

of 6 to guarantee the 0,999  reliability with a 90% 

confidence level. (figure7) 

In theory, reliability tests are performed on untested 

devices, but to increase the confidence level in the 

justification, CNES  decided prior firing tests to apply 

a thermal cycling _40 cycles at -100°C (30min) 

/+130°C(30min)  with  10 cycles/day. 

 

Figure 7: Firing ring with a bolt cutter in the 

thermal chamber. 

2.1.2 Integrity demonstration 

Integrity is demonstrated by firing at +130°C cutters 

with overloaded booster charge (+120%), a 3mm 

Ta6V bolt is severed and then the redundant initiator 

is fired. Two cutters have been tested in such 

conditions, without any structural degradation. 

2.1.3 High temperature sterilization 

Sterilization of space hardware is required (3) for 

interplanetary missions to prevent molecular 

contamination. A recommended method (+125°C for 

10 hours) was not feasible on gas actuated explosive 

devices loaded with nitrocellulose and nitroglycerin 

due to the denitration of these molecules. 

Thanks to the higher decomposition temperature of 

RDX, the high temperature sterilization procedure has 

been applied on two samples. Firing tests were 

performed on reliability configuration (-100°C; Ø 

4,95mm bolt without preload). The results were 

successful. 

2.1.4 Lifetime extension 

Four cutters have been stored in accelerated aging 

chamber at 84°C during 53 days. The firing tests were 

Initiator 
booster 

knife 
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performed again on reliability configuration. Once 

again, the results were successful. 

2.1.5 Test results analysis 

All the cutters worked within the time duration 

required for destructive lot acceptance tests (<10ms). 

An additional analysis based on the application of the 

Arrhenius law (4) has been done. 

�� � ��
���	
�� �∙�
 �����
 ������

  [1] 

with :  

 

Ea: activation energy of the RDX (5) 

R: universal gas constant = 8.314 J/mol.K 

t1: storage duration at T1 

t2: accelerated aging duration at T2 

T1: storage or mission temperature 

T2: accelerated aging temperature 

 

The factors of acceleration [2] were calculated for the 

long term aging test and the sterilization test with the 

objective to determine an equivalent duration with the 

temperature environment of LEO and GEO 

(Geostationary) missions. 

 �� � ���� � �� ��	��
� ��	��

�  [2] 

 

Mission profile  

(duration / 

temperature) 

 

Aging test 

temperature 

(° C) 

 

Test 

duration 

 

10 years at 50°C 
84 

≠4 days 

20 years at 50°C ≠7 days 

10 days cycling +110/-

110°C ( equivalent 5 

days at +110°C) 

125 10 hours 

Table 1: Equivalent Aging Temperature and 

Duration 

The Table 1 results confirm that the replacement of 

the double base powder in booster charges and squibs 

allows the performances of pyro valves to be upgraded 

significantly.  

This modification is fully compliant with the thermal 

environment required for the passivation of pressuring 

gases. But it is partially compliant due to the 

limitation of the space-qualified initiators (8 years for 

Europe and 10 years for the US).  

2.2 µPerforateur development 

CNES has supported a R&D for the survey and testing 

of the electro explosive initiators used for the French 

Defense Programs. Extended lifetime and 

withstanding space environments were some of the 

selection criteria. Identified components have been 

tested and complied with these requirements. 

Taking into account these results, CNES applied in 

2011 for a patent on a concept of a µperforator for the 

passivation of gas pressured systems. 

The expected properties are:  

• Twenty years lifetime 

• Use of stable and high temperature approved 

secondary explosive (RDX 0-100)  

• Miniaturized device easy to install on 

propulsion systems. Minor modifications of 

the propulsion interfaces are acceptable e.g.; 

bracket interface to prevent any damage to 

the tubing due to the launch mechanical 

environment.  

• All nominal or unwanted functioning effects 

are contained inside the device (at worst 

classification 1.4S of UNO recommendation 

of Transport of Dangerous Goods) 

• Capability to manage the flow rate of the 

pressuring gas after the tubing perforation. 

 

The concept of a µEFP (micro-explosively formed 

projectile) is the way to perforate the various 

thicknesses and materials of the propulsion tubing 

with reduced explosive charges. (Table 2) 

Table 2: Propulsion Tubing characteristics 

Material 
Outside 

diameter 
Thickness 

TA3V2.5 6.35 mm 0.47 mm 

TA3V2.5 6.35 mm 0.7 mm 

AISI316L 6.35 mm 0.9 mm 

 

2.2.1 Lifetime extension 

A contract was placed to ISL with the aim to 

demonstrate the feasibility of a µEFP. ISL is familiar 

with modeling, designing and testing of EFP for 

Defense purposes but had never worked on 

miniaturized designs. 

The liner selection was done according to the 

plasticity properties required for EFP formation and 

the compatibility with long term thermal vacuum 

storage. (6)  

OTI*HULL software has been used by ISL (7) for the 

modeling of the perforation properties with a 2D  

model (figure 8) and also a 3D one (figure 11).  

The influence of the liner dimensions, thickness E and 

radius R, and also the mass of the explosive charge 

was assessed. (figures 9 & 10) 
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Figure 8: Eulerian model – 2D axi symmetric 

configuration. 

 

Figure 9: Influence of the radius and thickness. 

 

Figure 10: Influence of the explosive mass. 

 

 

 

 

Figure 11: Example of the 3D modeling.  

The modeling also included the definition (material 

and dimensions) of an anvil designed to trap the debris 

of the tubing perforation. Besides, for the operators’ 

safety, the anvil (figure 12) shall contain the effects of 

the unwanted detonation without pipe. 

 

Figure 12: Anvil debris trapping. 

2.2.2 Correlation task 

Discrepancies between modeling and the firing tests 

recorded with a triple exposure X-Ray metrology led 

ISL to perform new runs of firing and modeling. 

The first set of modified parameters was the mass of 

explosive : 33% less of explosive equals to 10% of the 

EFP velocity decreases. But, the most significant that 

drives the shape of the µ-EFP is the plastic 
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deformation threshold (ratio 3 between Serie 1 and 2 

of figure 13). 

Serie1 Serie 2 

  

  

Figure 13: 1
st
 correlation phase. 

Test 

 

V=2770m/s 

 

Figure 14: 1
st
 correlation test phase. 

The optimization of the model was followed on by 

increasing the representativeness of the profile of the 

liner.  

To cope with the manufacturing process, the 

regressive thickness of the liner and the differences 

between the outside and inside radius have been 

introduced in the model. (figure 15) 

 

Figure 15: New model of the liner. 

The modeling results have been significantly improved. 

(figure 16) 

 

 

Figure 16: EFP characteristics versus liner 

definition 

2.2.3 Final tests 

The goal of the test program was the demonstration of 

the perforation performances and of the efficiency of 

the debris trap for safety. In addition, one objective 

was to identify the acceptable tolerances for the liner 

manufacturing.  

Two sets of µEFP were manufactured (figure 17); the 

only variation was on the thickness of the liner (17% 

variation). 

 

Target 2 Target 1 
Anvil 
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Figure 17: µEFP prototype for test purpose. 

For each liner definition, the destructive test sequence 

was the following:  

• Two firing tests on AISI 304L – Ø1/4inch -

0,9mm thick tube 

• One firing test on Ta3V2.5 – Ø1/4inch -

0,4mm thick tube 

• Two safety tests without tube 

  

For performance tests, the tubes have been perforated 

and the debris trap is efficient and undamaged. (figure 

18) 
 

  

AISI 304L tube Ta3V2.5 tube 

Figure 18: Performance test results 

 

For the safety tests (figure 19), it was highlighted that 

the µEFP with the thin liner is more energetic and then 

the debris trap was damaged. This is not acceptable 

without an important increase of the anvil height. 

Then, it is preferred to select the thick liner for future 

definitions. 

  

Without tube (thick liner)  Without tube (thin liner) 

 

Figure 19: Safety test results 

 

2.2.4 µEFP preliminary definition 

The results of the ISL activity have reached the TRL 

(8) of the µperforator concept to level 3. Then, an in 

house CNES design activity has been done to 

determine its possible architecture (figure 20) and its 

adaptation on the propulsion systems (figure 21). 

 

 

Figure 20 : conceptual design  
 

 

 

Figure 21 : Operational configuration   
 

 

A phase C development will start in July 2013 and a 

CDR is scheduled mid2014. The final objective is to 

get an inflight demonstration on a CNES 

microsatellite and then provide Prime contractors with 

a solution to comply with the French Space Operation 

Act. 

2.3 Additional justifications 

Prime contractors and satellite operators use to require 

experimental justifications for single point failure 

devices. 

Despite, the approved stability and lifetime of RDX, it 

is better to provide test results to justify these 

properties. 

A spool of mild detonating fuse (MDF) lot number 

1054/94 (lead sheathed) Ø1.5 mm – RDX core 0.5 

g/m  (RDX lot 280 S91) of acceptance date 

23/02/1994 was stored in the CNES Pyro Lab bunker 

for 19 years within a temperature range of +5°C to 

40°C. 

The 1994 acceptance test results of detonation velocity 

were 7045m/s and 7032m/s with an acceptance criteria 

>6800m/s. 

A verification of the detonation velocity (9) has been 

done in April 2013 at the CNES Pyro Lab. The MDF 

was cut into 50 cm segments, the velocity measured 

ranges from 7092m/s to 7018m/s with a 7050m/s 

mean value (six data). This result confirms the 

stability of the RDX after this 19 years storage. 

Then, a 2 meter long sample of MDF has been 

exposed to a worst case thermal cycling without any 

specific protection of the MDF ends. A 

+130°C_0.5hour /-100°C_ 0.5hour cycle with a 

5°C/minute slope rate has been applied 53 times. 

The measured detonation velocities range from 6042 

to 6349 m/s with a mean value of 6220m/s (4 data). 

The harsh thermal environment decreases the velocity 

of detonation.  This test shall be performed again in a 
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hermetic configuration representative of a space 

explosive device. The rationale is to prevent moisture 

intrusion at the end of each cut of the MDF.  

The first test sequence has demonstrated that the long 

term storage of the RDX in thermal conditions similar 

to the ones inside a satellite does not alter the RDX 

detonating properties. For the development of the 

µperforator, the confidence to succeed in complying 

with the lifetime requirement is high. 

The second test, despite RDX has detonated, 

highlights that the thermal cycling influence shall be 

assessed soon in the Phase C development. The 

objective is to determine if a limited decrease of the 

RDX detonating velocity has an influence on the 

shape and velocity of the µEFP. 

3. CONCLUSIONS 

The French Space Operations Act has expressed new 

requirements applicable to the passivation of the 

energy sources (electrical and propulsion) of the 

satellites and the debris mitigation at the re-entry. 

The CNES R&D efforts for Orbital Systems are 

maintained to give the opportunity for the 

pyrotechnics manufacturers to improve the 

performances of off the shelf devices such as pyro 

valves or to develop new components such as the 

µperforator. The delta qualification effort will be 

limited and the upgrade may be achieved in a short 

time. The capability to replace the double base powder 

in pyro mechanisms by secondary explosive pellets is 

not only applicable to the space applications. It may 

be expanded to any development with long term 

storage and high temperatures requirements.. 
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ABSTRACT 

The use of aluminum in solid propellants provides 

improved performance, however theoretical 

performance is not reached because of two-phase flow 

losses.  These losses could be reduced if particles 

ignited sooner rather than agglomerating before 

ignition.  In order to modify the ignition and 

combustion of aluminum particles, the use of 

mechanically activated (MA) composite particles 

(Al/PTFE 70/30 wt.%) as a replacement for spherical, 

micron-sized aluminum in a composite solid 

propellant and their effects on burning rate, pressure 

dependence, and ignition, combustion, and 

agglomeration behavior of aluminum is considered. 

Use of these particles, instead of micron sized 

aluminum, results in an increase in pressure 

dependence (from 0.36 to 0.58) and a corresponding 

55% increase in burning rate at a pressure of 15 MPa. 

Atmospheric observation of the burning surface 

suggests this increased dependence on pressure is a 

result of reduced burning particle sizes, resulting in 

kinetically controlled combustion. Unlike spherical 

aluminum, Al/PTFE composite particles promptly 

ignite upon emergence from the propellant surface and 

fracture into smaller burning particles that are 

consumed much faster.   A unique solvent free 

technique is used to capture propellant agglomerate 

products from the burning propellant at pressure, 

which eliminates solvent-particle interaction and 

contamination. Analysis of quenched combustion 

products collected at pressure (2.1 to 13.8 MPa) just 

above the burning surface indicate these smaller 

burning particles result in a decrease in average 

agglomerate size from 76 µm to 25 µm. Analysis of 

these products using scanning electron microscopy 

and energy dispersive spectroscopy indicate the 

presence of a fine (< 1 µm) particle fraction comprised 

of aluminum oxide and aluminum fluoride as well as a 

coarse fraction of aluminum oxide agglomerates. In 

propellant applications, these effects are expected to 

translate to a decrease in two-phase flow loss and 

reduced slag accumulation, which could result in 

improved performance. 

1. INTRODUCTION  

Aluminum is commonly used as an ingredient in 

propellants, explosives, and pyrotechnics, as it has a 

high gravimetric and volumetric combustion enthalpy 

that results in significant performance increases. For 

example, the use of aluminum in composite solid 

propellants can improve specific impulse performance 

by as much as 15% (Sutton, 2001). This performance 

increase follows from an increase in flame 

temperature and a decrease in gaseous product 

molecular weight (a shift from CO2 and H2O to CO 

and H2 in propellant exhaust products). However, 

there are several drawbacks to the use of aluminum. 

First, micrometer-scale aluminum has a high ignition 

temperature (~2000 °C). Second, use of aluminum in a 

solid propellant results in coalescence of liquid 

aluminum (agglomeration) at the burning surface of 

the propellant. As these agglomerates flow through a 

motor the large slower burning agglomerates lead to 

two-phase flow losses so theoretical performance is 

not achieved.  These losses occur because the 

condensed phase products are not in equilibrium with 

the gas (temperature and velocities differences). These 

losses can result in a decrease in specific impulse by 

as much as 10% (Sutton, 2001). 

In efforts to overcome these issues the use of smaller 

aluminum, such as nanoscale aluminum (nAl), has 

been shown to decreases agglomerate size (Jayaraman 

et al., 2011) and can potentially result in kinetically 

rather than diffusionally limited metal combustion 

(Yetter et al., 2009). Nanoscale particles can have a 

number of desirable effects such as shorter aluminum 

burning times (which translate to additional radiation 

heat transfer to the propellant surface) as well as a 

reduction in particle ignition temperature and an 

increase in burning rate pressure dependence. 

However, the high specific surface area of nAl (~10-

50 m
2
/g) decreases propellant specific impulse 

(through the presence of additional aluminum oxide) 

and can result in high uncured propellant viscosity 

(Bui et al., 2004) and poor cured strength (Orlandi et 

al., 2005), which together can decrease propellant 

density and produce erratic combustion or even motor 

failure.  As a consequence nanoscale aluminum is not 

used in typical solid propellants. 
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Alternately, improved reactivity and decreased 

agglomeration could be achieved through the use of 

overall micrometer-scale aluminum that contains 

nanoscale inclusions of a separate material to 

potentially realize the benefits of nanoscale particles 

without the disadvantages. There are examples in the 

literature of this approach.  Low levels (10 at.%) of 

nickel, iron, or zinc inclusion within aluminum 

particles (Aly et al., 2011) as well as inclusion of 

iodine, paraffin, or low density polyethylene (Zhang et 

al., 2012a; Zhang et al., 2012b) have resulted in 

decreased ignition temperature and reduced oxidation 

onset. However, these inclusion materials either result 

in formation of additional condensed phase products 

or are not reactive with aluminum. In order to obtain 

aluminum ignition enhancement and also reduce two-

phase flow losses, it is desirable to select an inclusion 

material that will: i) react with aluminum and ii) result 

in fewer condensed phase products.  The addition of 

fluorocarbons could meet these requirements. 

In recent work we have shown that inclusion of low 

levels of polytetrafluoroethylene (PTFE) in aluminum 

via mechanical activation results in highly 

nanofeatured, micrometer-scale particles that have 

moderate surface areas, high combustion enthalpy 

(20.2 kJ/g), and have drastically enhanced reactivity 

(Sippel et al., 2013). Fluorocarbon inclusions, such as 

PTFE, are of particular interest for two reasons. First, 

the gravimetric (9.7 kJ/g) and volumetric (20.5 

kJ/cm
3
) reaction enthalpy of Al/PTFE is very high 

(Fried et al., 2010). Secondly, fluorination of 

aluminum results in decreased condensed phase 

products (and potentially lower two-phase flow loss) 

since AlF3 sublimates at ~1000 °C.  

The objective of this work is to characterize the effect 

of using modified fuel rich Al/PTFE (70/30 wt%) 

composite particles as a substitute for micron sized 

aluminum and its effectiveness in decreasing 

aluminum agglomeration.  

2. METHODS 

In this work, fuel-rich mixtures of 70 wt.% Al (35 µm, 

Valimet H30) and 30 wt.% PTFE (35 µm, Sigma-

Aldrich 468096) were mechanically activated in 10 g 

batches inside 60 mL HDPE containers (McMaster-

Carr 42905T23) using a charge ratio of 12 (73 wt.% 

0.95 cm (McMaster-Carr 9529K19), 27 wt.% 0.188 

cm (McMaster-Carr 9529K13) 440C steel media). 

Containers were filled with argon (99.997%) prior to 

mechanical activation (50 min MA time) on a SPEX 

8000M high energy mill using a duty cycle of 1 min 

ON, 4 min OFF. During milling, the container was 

cooled using a fan. All milled materials were handled 

in an argon-filled glove box and were passivated prior 

to use. This was done by adding enough hexane to 

fully cover the particles and then slowly evaporating 

the hexane in air. A full characterization (particle size, 

morphology, specific surface area, combustion 

enthalpy, and reactivity) of similar Al/PTFE MA 

composite powders is reported by Sippel et al. (2013).  

Batches of solid propellant were made using either the 

MA composite particles or comparable spherical 

aluminum. Prior to use in propellant, the Al/PTFE MA 

composite powder was sieved between 25 and 75 µm 

for six hours using a vibratory table (McMaster-Carr 

5817K18). The size distributions (shown in Figure 1) 

of the sieved MA composite powder as well as a 

similarly sieved fraction of Valimet H30 spherical 

aluminum powder were verified using a Malvern 

Mastersizer 2000 with Hydro 2000 µP dispersion unit 

and isopropyl alcohol dispersant. Propellant consisted 

of 14 wt.% of a hydroxyl-terminated polybutadiene 

(HTPB) binder (cured with isophorone diisocyanate), 

71 wt.% ammonium perchlorate (AP) (80 wt.% coarse 

200 µm and 20 wt.% fine 20 µm, ATK), and 15 wt.% 

of either the sieved spherical aluminum or the sieved 

MA composite powder. The propellant was mixed in 

~200 g batches for 20 min using a LabRam (Resodyn) 

resonant mixer at 90% intensity. Propellant was 

deaerated for 15 min at < 35 mbar (< 0.5 psia) prior to 

measuring uncured viscosity and temperature using a 

Brookfield DVII-HD viscometer. Propellant was then 

packed into 5.8 mm diameter, ~6 cm long cylindrical 

strand molds and was cured in air at 60 °C for seven 

days. After curing, the density of the propellant is 

measured using the procedure described by 

Hinkelman (2011). 

 

Figure 1: Particle size distributions of 25-75 µm sieved 

MA particles and spherical aluminum. 

Propellant agglomerate products were collected using 

the inert gas combustion vessel and the device shown 

in Figure 2. Briefly, a 23 mm tall propellant strand is 

ignited using an electrically heated, 24-gauge nickel-

chromium wire. Once the propellant strand burns to a 

prescribed height, a 10 mW helium-neon laser beam 

shines across the surface of the burning propellant and 

into a photodiode detector on the other side of the 

combustion vessel. This simultaneously triggers both 

video recording (actually pre-triggered appropriately) 

of the combustion event (Phantom Miro eX4, 100 

frames/sec) for determination of linear burning rate as 

well as the reversal of the voltage polarity to the DC 

motor. The motor sweeps a borosilicate quench disc 

(McMaster-Carr 8477K11) past the surface of the 

burning propellant at a velocity of ~7 m/s and a height 

of 2-6 mm above the burning surface. During this 

process agglomerate products from propellant 

combustion are quenched on the surface of the 
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borosilicate disc, which then moves to the other side 

of the combustion vessel where it is protected from the 

combustion product flow for the remainder of the 

experiment. This unique quenching technique varies 

from the approach commonly used in literature 

(Jayaraman et al., 2011; Jeenu et al., 2010), and 

eliminates contamination of the products with the 

igniter wire, sampling error due to product 

washing/filtration, and uncertainties in quench height.  

 

Figure 2: Diagram of propellant combustion experiment 

(left), detail showing agglomerate quench device (center), 

and still frame showing actuation and agglomerate 

capture (right). 

The borosilicate quench disc was extracted from the 

experiment and was analysed directly. Surface images 

were taken using a FEI Quanta 3D-FEG scanning 

electron microscope. Agglomerate product size was 

determined by direct measurement (sample size of 

100) and agglomerate product phase and composition 

were determined using electron dispersive 

spectroscopy (Oxford INCA Xstream-2 silicon drift 

detector). 

3. RESULTS AND DISCUSSION 

As a result of the particle morphology of Al/PTFE 

composite particles there are distinct differences in the 

propellants made from the composite particles and 

spherical aluminum. While both powders were sieved, 

a small portion of the size distribution of the Al/PTFE 

composite particles is below ~20 µm in size and 

overall the Al/PTFE size distribution is broader than 

that of spherical aluminum. This is a result of 

differences in the sieving efficiency and the non-

spherical morphology of the composite particles. 

However, the average particle size of Al/PTFE 

composite particles (42.3 µm) is very near that of the 

spherical aluminum (43.3 µm). These variations in 

size distribution and morphology have an effect on 

propellant properties as listed in Table 1. The non-

spherical morphology and slightly smaller particle size 

distribution of the Al/PTFE composite particles 

resulted in an increase in viscosity from 4.8*10
6
 to 

4.7*10
7
 cP. However, this increase in viscosity does 

not affect the final, cured propellant with regards to 

density. Cured propellant containing Al/PTFE 

composite particles had a high density (1.72 g/cm
3
, 

90.6% TMD) that was comparable to the density of 

the propellant containing spherical aluminum (1.68 

g/cm
3
, 87.6% TMD). 

 

Figure 3: Solid propellant strand (left) and still images of 

spherical aluminum (center) and Al/PTFE 70/30 wt.% 

MA particle (right) containing propellant surfaces 

burning at 0.1 MPa (14.7 psi). Photos were taken with 

the same exposure settings. 

Images of propellants burning at 1 atm pressure 

(Figure 3) show a drastic difference in metal particle 

ignition and combustion that result from use of 

Al/PTFE composite particles. In propellant containing 

spherical aluminum particles, very little combustion of 

aluminum was observed at the surface and most metal 

combustion began only after particles have traveled ~2 

mm from the propellant surface. In the image shown 

in Figure 3, this results in a darker region near the 

burning surface of the propellant containing spherical 

aluminum. Conversely, frequent ignition of composite 

Al/PTFE particles can be seen on the surface. Video 

of this combustion process also shows that the 

velocity of Al/PTFE composite particles is greater 

than that of the spherical aluminum (velocities of the 

particles are closer to the gas). Measured linear 

burning rates (Figure 4) show that addition of 

Al/PTFE composite particles has a significant effect 

on both propellant burning rate and sensitivity to gas 

pressure. At low pressures (~2 MPa), burning rates 

were nearly the same. However, at high pressure (15 

MPa), Al/PTFE particles result in a burning rate that is 

55% faster than that of propellant containing spherical 

aluminum. Overall, this results in an increase in 

propellant pressure sensitivity from 0.36 to 0.58. This 

and the speed of the particles above the surface 

indicates that the burning Al/PTFE composite 

particles are smaller than in the baseline propellant. As 

the size distributions of the sieved Al/PTFE and 

Table 1: Propellant formulation details, uncured viscosity, and cured density. 

Propellant Formulation†  
Uncured 

Viscosity (30-

35°C) (cP) 

 

 

Cured Density (%TMD) 

Propellant 
Designation 

Metal Type Metal (wt.%) 

 

Cured Density 

(g/cm3) 

Spherical Spherical Al 15% 4.8*106 1.68 87.6% 

70/30 Al/PTFE 70/30 wt.%, 50 min MA 15% 4.2*107 1.72 90.6% 
†All propellants contained 71 wt.% AP (80 wt.% 200 µm coarse, 20 wt.% 20 µm fine), 14.0 wt.% HTPB binder, and 15 wt.% aluminum or MA 
composite (25-75 µm). 
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spherical aluminum particles were similar, Al/PTFE 

particle ignition likely results in production of 

aluminum fluoride gas at the Al-PTFE interfaces 

throughout the interior of the particles, resulting in 

disruption of the composite particles into smaller, 

faster burning particles.  

 

Figure 4: Solid propellant linear burning rates and 

power law pressure dependence. 

 

Figure 5: Scanning electron images of quenched 

agglomerate products from 6.89 MPa (1000 psi) 

combustion of propellant containing 25-75 µm spherical 

aluminum (left) and 25-75 µm Al/PTFE 70/30 wt.% 

composite particles (right). 

The result of Al/PTFE MA particle breakup into 

smaller particles at the burning surface can be further 

seen in examination of agglomerate products collected 

at 6.89 MPa (Figure 5). Quenched agglomerates from 

propellant containing spherical aluminum are much 

larger than those from propellant containing Al/PTFE 

composite particles. Sizing of these agglomerates 

directly (Figure 6) indicates they are lognormally 

distributed and that use of Al/PTFE MA composite 

particles reduces the average agglomerate diameter by 

66% from 76 to 25 µm. This is similar to the ~10-20 

µm size range over which aluminum particles burning 

in oxygen transition from diffusive to kinetically 

limited combustion (Yetter et al., 2009). This suggests 

the increased propellant burning rate pressure 

sensitivity resulting from use of Al/PTFE MA 

composite particles may be a result of more kinetically 

limited aluminum particle combustion. 

0 20 40 60 80 100 120 140 160
Agglomerate Diameter (µm)

Al/PTFE 70/30 wt.% Propellant
D

50
=25 µm

Spherical Al Propellant
D

50
=76 µm

 

Figure 6: Size distribution of agglomerated products 

from propellant combustion (6.89 MPa). Sample size, 

n=100 for each distribution. 

 

Figure 7: Electron micrograph (left) and EDS chemical 

map (right) of quenched products from Al/PTFE 70/30 

wt.% MA particle-containing propellant burned at 6.89 

MPa (1000 psi). In EDS map, Al = red, oxygen = green, 

fluorine = blue. 

Closer examination of collected products from the 

propellant with Al/PTFE composite particles (Figure 7) 

indicates the presence of both a coarse (25 µm average 

particle size) and a fine, sub-micrometer fraction. 

Electron dispersive spectroscopy of these products 

indicates the coarse fraction is made up of aluminum 

and oxygen, while the fine fraction consists of 

aluminum, oxygen, and fluorine. The atomic ratios of 

aluminum to oxygen suggest that the coarse fraction is 

completely oxidized. 

4. CONCLUSIONS 

In summary, this work shows that use of modified fuel 

rich Al/PTFE composite particles can result in drastic 

alteration of the burning characteristics for solid 

propellants. During propellant combustion these 

particles appear to react from within, dispersing into 

much smaller aluminum particles that increase the 

influence of combustion kinetics and result in greater 

burning rate pressure sensitivity. These overall 

smaller, faster burning particles ignite promptly at the 

burning surface result in improved heat transfer as 

well as more complete aluminum combustion. Finally, 

these particles result in a 66% reduction in 

agglomerate diameter, which should translate to a 

significant decrease in solid rocket propellant two-

phase flow loss. Future efforts are focused on studying 

the ignition of single particles at high heating rates 
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comparable to those experienced during propellant 

combustion. 
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ABSTRACT 

Currently developing direction is designing 

of thermal generators based on the thermite 

pyrotechnic compositions. Pyrotechnic mixture of 

thermite type reactions belongs to self-propagating 

high-temperature synthesis group with a recovery 

level. The combustion process of such energetic 

condensed systems is considered in a framework of 

non-equilibrium Merzhanova-Aldushin-Chaikin 

theory of combustion and presented in a form of 

combustion waves of the second kind with chemical 

and phase transformations wide zones. Development 

of the technique and technologies sets many different 

tasks for the scientific world.  

1. INTRODUCTION  

Designing of pyrotechnic devices based on 

termite compositions is being developed at present. 

Pyrotechnic termite type mixtures belong to the group 

of reactions of self-propagating high-temperature 

synthesis with a reductive step. The process of 

combustion of energetic condensed systems is 

considered under non-equilibrium theory of 

combustion by Merzhanov-Aldushin-Haikin and 

represented in the form of combustion waves of the 

second kind with broad areas of chemical and phase 

transformations. 

The development of equipment and 

technology has set a variety of tasks for scientific 

world. One such problem is the problem of thermal 

stresses tempering in weld ends in case of installation 

and repair of head pipes. Known methods require high 

energy costs, complex equipments and experienced 

personnel. It is necessary to strictly maintain the 

specified heating in thermal treatment. The results of 

modeling of generation and transfer of heat energy on 

burning composition on basis of termite demonstrated 

an essential possibility of heat generator creation. 

Such heat generator has a number of advantages: self-

inclusive, compact, environmentally and technically 

safe with high energetic characteristics and low cost. 

Later on, a number of generators were designed 

and constructed, which use energy of pyrotechnic 

compositions burning. These include special welding 

pyrotechnical squib. A new product “Pyrotechnic 

borer” was developed, which is used in preparation of 

dug pits in ice jams near bridges and river beds at risk 

of flooding. Welding techniques and procedures of 

polymer pipes and destruction of large-sized 

reinforced concrete blocks with using compositions on 

termite base are proposed.  

2. THERMOCHEMICAL TAPE 

One of the promising areas of application of 

thermal pyrotechnic compositions is the heat treatment 

of welded seams. High gradients of temperature 

during welding and uneven heating leads to 

appearance of residual stress and strain, causing 

inhomogeneity structure of a weld metal and heat 

affected znony, improved hardness, low ductility. As a 

result, rust resistance, cold resistance, metal 

temperature strength are reduced, and operational 

characteristics of weldment considerably deteriorate. 

Heat treatment is the most effective way to 

improve reliability of welded joints. The following 

heat treatments are used: negative hardening, 

normalization, thermal relaxation, stabilizing 

annealing, austenization, and also preliminary and 

associated heating pipe edges. 

All kinds of processing technology consist of 

three successive stages: heating welded joint; soaking 

at predetermined temperature, cooling. 

There is no agreement of opinions about heat 

treatment regime, particularly in negative hardening. 

For example, a traditional regime of heat treatment 

involves slow-speed heating and soaking at 

temperature 600 ° C for 4-6 hours. However, from 

literary sources it is known that basically the soaking 

is taken on the heating stage. 

On a basis of analysis of existing regimes for 

negative hardening for low-carbon and low-alloy steel 

the following statements were highlighted:  

- heating to 530-550 ° C; 

- heating rate until 300 ° C is not standardized, 

when it is more than 300 ° C it should be 0.3 ° C / s; 

- temperature drop according wall thickness 

should be not more than 10 ° C for 1 mm; 

- soaking time at operating temperature is about 

3 minutes per mm thickness of metal; 

- slow cooling. 

Thermochemical method of heating of the heat 

needed for thermal processing occurs in combustion 
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pyroelement of exothermic compositions and devices 

that are fixed on welded joint. 

The main advantages of the heating method of 

thermochemical heat treatment is the possible to use it 

without electricity and combustible gases, as well as 

simplicity of the process, which is especially 

important usage in field conditions. Price for 

thermochemical heat treatment method is 20-25% 

lower than using electric heaters resistance. 

Development of devices for thermochemical 

heat treatment for welded joints was made by 

"EKZOMET" company (USA). Under its licenses 

rigid thermochemical heating devices are produced, 

and from the end of the 80s the problem is taken up by 

the department СTGS (KNRTU).  

It is known that the exploitation of 

compositions for heat treatment is carried out in 

difficult meteorological conditions. Therefore, when 

choosing the components of mixtures it is necessary to 

consider their impact on flammability of pyrotechnic 

devices, particularly at subzero temperatures, and 

enough chemical and physical stability during long-

term storage. Particular attention is paid for  

compositions of combustion products. Firstly, during 

combustion of such compositions predominantly 

condensed products should be formed. Thus the 

formation of liquid slags is undesirable because it 

leads to a blocked from flowing from the pipe, while 

the cooling may are welded to it. 

As used for heat treatment other than the 

common pyrotechnic composition must meet certain 

specific requirements: a certain burning rate, to 

provide the desired heating rate and time of heating 

affect. For ease of use, size of the flame should be 

minimal. 

A device (Fig. 1) what was developed in 

KNRTU can be used as flexible bands, elastic 

exothermic mats (rugs). The experiment was carried 

out using a flat tape made method of casting a width 

of 20-120 mm and a thickness of 10-15 mm. 

 

1 - pipe, 2 - thermocouple, 3 - welded seam,             

4 - thermal tape 

Figure 1: Layout pyroelement thermochemical 

process of removing residual stresses 

Test of conducted by fixing the pyrotechnic 

composition at the top of the pipe which is covered 

with a heat insulating layer, mainly asbestic cover. 

Inflammation of the pyrotechnic composition was 

made by contact type (igniter composition). 

3 WELDING PYROTECHNIC CARTRIDGE 

A number of boilers, which use the energy of 

combustion of pyrotechnic compositions, were 

designed and developed later. These include special 

welding squibs. 

Termitono-crucible welding is used to join 

steel rods and bars, welding is used to join steel rods 

and bars, welding fittings, chain plates, axles, shafts, 

machine beds made of steel, cast steel and cast iron, 

welding to existing pipelines and terminals of 

electrical jumpers and electric-chemical protection 

devices. 

In general, the crucible-thermite welding is: 

thermite composition or fabrication of pyroelectric 2 is 

placed to reaction chamber of weld form 1. The 

penetrating gate 3 separates the sample from the 

welding chamber 7, where the welded parts are 

located, which contribute the separation of solid and 

liquid products of combustion. After termite 

combustion liquid combustion products penetrate the 

gate, fall into the weld chamber and produce a weld 

(Fig. 2). 

As fuel-thermite formulations of crucible sari 

according calorific value, density, and ability to get 

liquid slags, it is wise to use aluminum. 

 

1 - insulating sheath 2 - Stopini 3 - cardboard wad, 

4 - igniting the tablet, 5 - thermite pyroelectric  

6 - the penetrating shutter 7 - welding 

chamber 

Figure 2 - The design and appearance of 

pyrotechnic cartridge 

Oxidants in (thermal composition) for thermite 

crucible weld are usually oxides of metals that are 

welded. Icon scale is the most widely used for welding 

steel and iron because of the high density, low cost 

and wide raw material base - it is basically a waste 

product of hot working steel. 

4 PYROTECHNIC BORER 

The results of earlier performed investigations 

and the evaluation model of effectiveness of thermal 

pyrotechnic compositions allowed to assume the usage 

of thermal compound for so called "thermal drilling" 

of ice, to prepare pits in ice congestion near bridges 

and in river beds, because very often in the period of 

spring flooding during the ice flows there is a 

formation of ice jams takes place, which leads to 

flooding of vast areas, including dwellings and 
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industrial  spaces, destruction of bridges, dams and 

other emergencies. 

Currently, ice crushing is made by explosion 

energy. Traditional methods of ice blasting have some 

drawbacks: 

- Superficial ice crushing has high efficiency; 

- Processes of tabbing and initiating of 

explosive charge are dangerous and appropriate 

specialists qualifications are required; 

- Often the specialists’ delivery to a place of 

drilling is not possible due to insufficient ice thickness 

or heavy ice flows. 

The effectiveness of the usage of products from 

thermal pyrotechnic composition will be determined 

by the depth of melting ice due to reaction products’ 

thermal effects. Design of  “Pyrotechnic borer” was 

made under the following:  

1.  As thermal pyrotechnic composition it is 
necessary to use composition, which releases large 

amount of heat during combustion and forms an 

imperceivable amount of gaseous products; 

2.  The body of pyrotechnic unit have to 
preserve the wholeness during the working period; 

3.  It is preferable to use material with high 
thermal conductivity for quick heat transfer to 

"working" (bottom) product surface; 

4.  For outflow of gaseous reaction products it is 
necessary to provide holes in bottom of the body. In 

this case, expiring high-temperature gases will directly 

affect on heated object;   

5.  The gaseous products of combustion move  
by highly porous slags for a greater distance than by 

original composition, therefore for increase the density 

of heat flow by convection directly to ice, ignition of  

a product should be made from the bottom; 

Mass and temperature of body’s heating of 

pyrotechnic products are primarily determined by the 

requirements 1 and 2. To except body material melting 

it is necessary to determine the minimum allowable 

wall thickness when the maximum heating 

temperature will be at 200-300 K below the melting 

temperature. 

A pyrotechnic charge formation in body of 

“Pyrotechnic borer”  (Figure 3) consists of the 

following: 

- On the bottom of the metal body of product 

one layer of paper cartridge for water-proofing of gas 

escape holes is laid; 

- A layer of prefabricated solid or combined 

structure is placed; 

- The operation is repeated until the full-filling 

of  “Pyrotechnic borer” body by powder charge. 

.  

1.3 - heat insulation, 2 - steel body, 4 - eyelet for 

attaching to the rope, 5 - pyrotechnic charge  

6 - igniter 7 - hole for the gas 

Figure 3 – “Pyrotechnic borer” structure 

Experiments with this apparatus were made 

both in the laboratory and in the field. In the 

laboratory the samples’ combustion was made in a 

vertical chamber in a room temperature and air flow 

rate of 4 m/sec. The charge was hung on a rope, 

fastened to a hanger 4 at 20 cm from the ice surface, 

and after initiation of igniter composition by heated 

nickel-chromium spiral, and ignition of primary 

pyrotechnic mixture, "“Pyrotechnic borer”" was 
placed on ice surface area of 0.05 m

2
 and thickness of 

0.3 m. Product’s action time, temperature and weight 

of water formed in a hole, ice mass loss, hole 

dimension, heading temperature of outer surface of 

pyrotechnic borer tip were fixed. 

Experiments carried out on the river ice at 

temperature 253 K, wind speed 4-6 m/s; depth and 

diameter of ice melting and action time of a charge 

were determined. Ice surface with an ice thickness of 

0.1 m was used for the test. Inflammation of 

pyrotechnic charge was produced by cord stopini cord 

length 0.1 m through the pyrotechnic charge’s gas 

escape hole. 

The test results showed the reliability of 

ignition and combustion of pyrotechnic charge. Action 

time of pyrotechnic charge was determined by 

stopwatch. "Pyrotechnic borer" product enabled 

penetration of ice on a depth of 80 mm during the 225 

seconds operation of the product. As it is seen, that 

minimal value of penetration depth of ice is related to 

low temperature of ambient and ice. 

The results of calculating-experimental studies 

have shown the possibility of using the developed low 

gaseous thermal composition as a heating source in 

generator of heating ice drilling.  

A significant impact on ice penetration in the 

initial period of products’ operation was made by 

gaseous products flowing out of the gas escape hole in 

the tip of heat generator’s cover. 

5. CONCLUSIONS 

Submitted applications of thermal generators 

on the basis of thermite are far from completion. They 
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also can be used as a thermite basis for colored lights, 

etc. 

Thus, the thermite systems become promising 

basis for pyrotechnic composition products for various 

applications.  
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ABSTRACT 

Though silicon has been widely investigated as both a 

micron and nano scale reactive fuel, the ability to cost-

effectively tune its ignition and combustion 

characteristics is needed. Mechanical activation (MA) 

of Al-based reactives has proven useful in modifying 

combustion behavior; however, applying the same 

approach to Si-based reactives has been more 

challenging due to its hard, brittle mechanical 

properties.  In this work, we present a two-step 

mechanical activation process to prepare fuel-rich 

activated silicon (Si)/polytetrafluoroethylene (PTFE) 

composite reactive powders.  The two-step mechanical 

activation process consisted of cryogenic milling, 

followed by high intensity milling at room 

temperature. This process resulted in particle 

refinement of the hard, brittle silicon particles and 

dispersion within the more ductile PTFE matrix. The 

MA composite powder had fine intraparticle 

dispersion and a flake-like morphology with a 

dominant peak at ~80 µm for all materials 

characterized.  Surface area was found to be moderate, 

ranging from 1.75±0.06 m
2
 g

-1
 (44/51 Si/PTFE) to 

5.37±0.10 m
2
 g
-1
 (90/10 Si/PTFE) and was driven by 

the fraction of refined Si powder not dispersed in a 

PTFE matrix. The ductile nature of the resulting 44/51 

Si/PTFE composite particles allowed for near full 

density pellets to be realized (98.5% theoretical 

maximum density) without additional binder. For the 

MA composite powder, no intermediate crystalline 

phases were detected by powder XRD, and 

combustion enthalpies ranged from 15.6±0.4 kJ g
-1 

(44/51 Si/PTFE) to 21.8±2.2 kJ g
-1
 (90/10 Si/PTFE). 

1. INTRODUCTION 

Silicon has a long history as a reactive fuel in 

pyrotechnic applications, such as delay and primer 

compositions, near infrared illuminants, and smoke 

formulations (Koch & Clément, 2007). While there 

has historically been significant efforts to study 

micron sized silicon powders in energetic 

compositions (Ellern, 1968; Rugunanan & Brown, 

1991), recent work has primarily focused on the 

performance enhancement that nanoscale and 

nanoporous silicon powders and wafers may provide 

(Clément et al., 2005; Mason et al., 2013; 

Subramanian et al., 2008; Terry et al., 2013). 

Increasing the surface area of reactive constituents by 

either particle size reduction or by chemical 

processing may increase reactivity, lower melting and 

ignition temperatures, and increase the intimacy of 

mixing (Dreizin, 2009; Yetter et al., 2009). However, 

major drawbacks to using nanoscale and nanoporous 

silicon powders include: high cost; difficulty of 

synthesis (e.g., use of strong acids); processing issues 

due to the high specific surface area (SSA); and rapid 

oxidation and aging of high SSA materials (Yetter et 

al., 2009). Recent studies have indicated that 

mechanical activation provides an efficient, yet cost-

effective, means for altering reactivity of particles 

(such as aluminum) while still maintaining a micron 

scale morphology (Dreizin, 2009; Schoenitz et al., 

2005; Sippel et al., 2013).  

Mechanical activation (MA) is the process of refining 

materials into a reactive nanocomposite material 

(Dreizin, 2009; Manukyan et al., 2012). While this 

process is similar to mechanical alloying, MA differs 

in that the process is interrupted prior to reaction of 

constituents. This process often yields micron-sized, 

nanostructured composite particles that are fully 

dense, resulting in altered reactivity due to decreased 

diffusion length scales and increased interfacial 

contact area between constituents (Dreizin, 2009; 

Schoenitz et al., 2005). While MA is often conducted 

at room temperature, it has been reported by 

Umbrajkar et al. (2005) that altering the milling 

temperature can have a substantial effect on resulting 

powder properties. By this same premise, milling at 

cryogenic temperatures (cryomilling) has been 

investigated as a means to produce microstructural 

refinement (Chung et al., 2003; Witkin & Lavernia, 

2006), form nanopowders (King et al., 2008), and 

produce nanocomposite materials, both structural (Lee 

& Hwang, 2008; Luton et al., 1988) and energetic 

(Badiola et al., 2009; Zhang et al., 2012). 
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In the case of very hard, brittle materials, such as 

silicon (ultimate tensile strength of silicon is ~7 GPa), 

standard high-energy (HE) milling processes cannot 

readily induce plastic flow (yielding lamellar 

microstructures), but instead refines the brittle 

material through fracturing (Anselmi-Tamburini et al., 

2011; Davis et al., 1988). When milling a mixed 

system with very different mechanical properties (i.e., 

a brittle material with a ductile material), the result is 

generally a homogeneous dispersion of refined brittle 

materials within the ductile matrix (Davis et al., 

1988). However, in some cases the ductile material 

may act as a process control agent, hindering the 

fracturing of the brittle material. Milling at cryogenic 

temperatures may alleviate this problem by altering 

the relative ductility of the materials (King et al., 

2008). Chung et al. (2003) found that the inclusion of 

hard particles during cryomilling will cause significant 

particle and grain size reductions to both the brittle 

material and the ductile material. Therefore, a two-

step process consisting of cryomilling followed by HE 

milling at ambient temperature may result in large 

micron scaled composite particles with nanostructured 

intraparticle features comprised of refined constituents 

that are subsequently cold-welded together by the 

more ductile matrix. While a two-step milling process 

(cryogenic and room temperature) has been used to 

study the grain size evolution of single materials 

(Tiwary et al., 2013), it has not been investigated as a 

means to mechanically activate a brittle/ductile 

composite system. 

The objective of this study was to develop and 

characterize a two-step cryomilling and HE milling 

mechanical activation processes for preparation of a 

reactive, fuel-rich Si/polytetrafluoroethylene (PTFE or 

Teflon
TM
) composite material. 

2. EXPERIMENTAL 

The materials used for mechanical activation of 

Si/PTFE included: Si (Sigma-Aldrich, -325 mesh, 

99% trace metals), PTFE (Sigma-Aldrich, 12 µm). 

The mixtures discussed in this study were: 44/51 

(46.32/53.68 wt.% Si/PTFE), 60/40, 70/30, 80/20 and 

90/10 wt.% Si/PTFE. One gram of material was 

placed into a 25 mL polycarbonate tube with 

hermetically sealed steel end caps and a single steel 

impactor. The container was then purged, filled with 

argon (99.997%), and placed into a cryomill (SPEX 

CertiPrep 6850 Freezer/mill) using liquid nitrogen as 

the cryogenic medium. The mill was programmed to 

pre-cool the sample for 10 minutes and then mill the 

powder for 6 cycles. Each cycle had a duty cycle of 1 

minute ON and 1 minute OFF. Following the 6 

milling cycles, the milling container was removed and 

allowed to warm up to room temperature before the 

reactive mixture was extracted in an argon-filled glove 

box.  

Constituents were then placed into a 30 mL high 

density polyethylene (HDPE) container (Cole Parmer 

EW-62201–01) and milled following the HE milling 

procedures outlined by Sippel et al. (2013). A charge 

ratio of 24 was used (5 large media, stainless steel, 9.5 

mm diameter, 3.48 g/media; and 15 small media, 

stainless steel, 4.8 mm diameter, 0.44 g/media). The 

container was then purged, filled with argon 

(99.997%), and placed into a HE mill (SPEX, 8000M 

shaker/mill).  A total of 20 cycles (each cycle had a 

duty cycle of 1 minute ON and 1 minute OFF) were 

used, during which the container was cooled using a 

fan. Following the HE milling procedure, material was 

extracted in an argon filled glove box and then stored 

for further characterization. 

Two reactive materials were prepared and pressed into 

pellets: 44/51 weight ratio Si/PTFE (as prepared from 

MA) and 44/51/5 wt.% Si/PTFE/FC-2175 (SiTV 

mixture). It should be noted that both of these 

mixtures were fuel-rich, because their ultimate use 

would be as ingredients in reactive formulations or for 

use in aerobic conditions. The SiTV mixture was 

comprised of 44/51 Si/PTFE (as prepared from MA) 

and FC-2175 (3M Fluorel™ Fluoroelastomer, 

chemical equivalent to Viton A). FC-2175 is a 60/40 

wt.% copolymer of vinylidene fluoride and 

hexafluoropropylene and was used as a binding agent. 

SiTV mixtures were prepared and resonant mixed 

(Resodyn LabRam mixer) according to the mixing 

procedures outlined by Terry et al. (2013). Each 

reactive material was then pressed into 6.35 mm 

diameter pellets. Pellets were either pressed to a stop 

at 78% theoretical maximum density (TMD) or 

pressed without a stop to the maximum attainable 

percent TMD. 

Powder characterization was performed on all MA 

Si/PTFE mixtures using standard techniques. Flame 

experiments were performed on a vented burn plate 

using a butane torch as the ignition source. The 

particle size distribution of the milled materials was 

determined by laser diffraction (Malvern Mastersizer 

Hydro 2000µP) using de-ionized water as the 

dispersant medium. The specific surface area was 

determined by Brunauer, Emmett, and Teller (BET) 

analysis (Micromeritics Tristar 3000) with nitrogen as 

the adsorbent gas. All BET samples were degassed at 

100 ºC for 18 hours. Imaging of the milled material 

was performed by optical microscopy (Hirox KH-

8700), scanning electron microscopy (SEM), and 

energy dispersive spectroscopy (EDS) (FEI Quanta 

3D-FEG). Phase composition of the milled materials 

was accomplished by X-ray diffraction (XRD) 

analysis (Bruker D8-Focus) using a scan rate of 8.97 

deg. min
-1
. The thermal behavior was determined by 

differential scanning calorimetry (DSC) and thermo-

gravimetric analysis (TGA) (TA Instruments Q600) at 

10 K min
-1
 in ultra-high purity argon (99.999%). The 

heat of combustion of the milled material was 

determined by oxygen calorimetry (Parr 1281) using a 

custom-made alumina-silicate crucible (Sippel et al., 

2013). All heats of combustion were compared to 

theoretical values as calculated by the Cheetah 6.0 

thermal equilibrium code (Bastea et al., 2010). 
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3. RESULTS AND DISCUSSION 

The combined cryomilling/HE milling process was 

found to yield material that had similar reactivity to 

equivalent nanoscale mixtures. Flame experiments of 

the as-milled powders (Fig. 1) showed that the 

cryomilled/HE milled 44/51, 60/40, and 70/30 

Si/PTFE mixtures were easily ignited via butane 

igniter, which cannot be done with a physical mixture 

of the initial precursors, or from single step ambient 

milling, but can be observed with nanoscale 44/51 

Si/PTFE mixtures. Simple flame experiments of the 

80/20 and 90/10 Si/PTFE mixtures were characterized 

by PTFE decomposition gasses and a glowing reaction 

front that propagated through the mixture, though no 

visible flame was apparent. The silicon and PTFE 

precursors used in this study were micron in size, 

which resulted in a large effective diffusion distance 

between constituents as well as a low fuel SSA. The 

reactivity of the MA Si/PTFE observed during flame 

experiments indicates that the fuel morphology and/or 

mean diffusion path between the silicon and PTFE 

constituents had been successfully altered. 

 

Figure 1: Flame experiment of loose MA 60/40 

Si/PTFE composite powder.  

As shown in a previous study (Sippel et al., 2013), the 

HE SPEX mill generally produces large flake like 

particles  when milling with PTFE. It can be seen from 

particle sizing (Fig. 2, Table 1) that all MA Si/PTFE 

materials had a dominant peak at roughly 80 µm. 

However, at higher PTFE concentrations (e.g., 44/51 

Si/PTFE) a secondary peak at ~480 µm is present. 

Optical and SEM microscopy has shown that this 

second peak is caused by the merging of the ~80 µm 

Si/PTFE composite particles (see Figs. 3-5). When 

excess PTFE is present in a Si/PTFE composite, the 

free PTFE of the composite surface allows for loose 

cold-welding to occur between particles, forming the 

larger ~480 µm particles shown in Fig. 2.  

With PTFE lean mixtures (i.e., 70/30 and 90/10 

Si/PTFE) there is not enough PTFE to encapsulate all 

of the Si particles. Particle sizing of neat, cryomilled 

Si has shown that as milling time increases (from 0 to 

6 minutes) the frequency of 0.5-7 µm Si particles 

steadily increases. This same loose Si fraction can be 

seen in Fig. 2, suggesting that not all Si particles have 

been incorporated into a Si/PTFE composite particle 

for both the 70/30 and 90/10 Si/PTFE mixtures. 

The change in Si/PTFE composite morphology is also 

apparent in the mean particle sizes and BET specific 

surface area measurements. In Table 1, it is shown that 

the arithmetic, volume weighted, and surface weighted 

means all decrease with decreasing PTFE content. 

This shift in mean particle size is congruent with the 

increase in loose 0.5-7 µm silicon particles. The BET 

SSA of the as-milled material also increases with 

decreasing PTFE content, again congruent with the 

observed fine Si fractions not encased in a PTFE 

matrix. 

 

Figure 2: Particle size distributions of MA 44/51, 

70/30, and 90/10 Si/PTFE materials. 

The reported Si/PTFE particle size distributions were 

supported by both optical (Fig. 3) and scanning 

electron (Figs. 4-5) microscopy of the as-milled 

powders, which verified that there is a bimodal 

distribution of the 44/51 Si/PTFE composite powder 

and loose refined Si particles in the 70/30 and 90/10 

Si/PTFE powders. Both large particle flakes (on the 

order of 500 µm) and smaller particles (on the order of 

100 µm) were observed for the 44/51 Si/PTFE 

material. While these particles are large, the particle 

surfaces were rough and appeared to consist of 

consolidated PTFE fibers and ~5 µm silicon particles. 

It was also observed that the edges of the flake 

particles had thin PTFE fibers decorated with refined 

silicon particles (Figs. 3C, 4). The BET SSA of MA 

44/51 Si/PTFE (Table 1) was found to be 1.75±0.06 

m
2 
g
-1
, which supports the observed surface and 

particle morphology of the milled 44/51 Si/PTFE 

composite material. 

Table 1: The mean particle sizes and BET specific surface areas for the 44/51, 70/30, and 90/10 

Si/PTFE composite materials. 

Si/PTFE D50 [µm] D4,3 [µm] D3,2 [µm] BET Specific  

Mixture Arithmetic Volume Weighted Surface Weighted Surface Area [m
2
 g

-1
] 

44/51 78.2 142.4 31.7 1.75±0.06 

70/30 73.2 92.2 25.6 3.83±0.03 

90/10 48.2 84.7 13.0 5.37±0.10 
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Figure 3: Optical microscopy of MA 44/51 Si/PTFE 

powder showing: the larger ~500 µm flake 

particles (A); smaller ~100 µm particles (B); 

PTFE fibers decorated with refined silicon 

particles (C). 

 

Figure 4: SEM image showing the plastic flow 

(lamellar microstructures) of the PTFE 

matrix decorated with refined Si particles. 

 

Figure 5: Backscattered SEM image of a large 

sectioned and polished 44/51 Si/PTFE 

composite particle. 

The PTFE fibers observed during optical microscopy 

were also evident in SEM imaging. In Fig. 4, several 

different sizes of PTFE fibers (as well as loose Si 

particles) are shown on the edges of Si/PTFE 

composite particles. These microstructures indicate 

that during the HE milling of the post-cryomilled 

Si/PTFE powder, the PTFE is plastically deformed 

into lamellar microstructures, which are then 

decorated by loose, refined Si particles. Those 

decorated lamellar microstructures are then rolled, 

cold-welded, and consolidated with other PTFE 

microstructures, effectively forming larger Si/PTFE 

composite particles. 

As the Si/PTFE composite particle size continues to 

increase, it eventually reaches a point where either 

there are not sufficient free PTFE lamellar 

microstructures to continue composite particle growth 

or the high ductility of the Si/PTFE particle promotes 

splitting/refinement of the large composite particle. As 

previously discussed, this event generally occurs at 

~80 µm. However, if sufficient PTFE is available 

(e.g., 44/51 Si/PTFE), merging of these composite 

particles may occur, though their consolidation is still 

tenuous (as shown by distinct interfacial boundaries in 

Fig. 5). Figure 5 is a backscattered SEM image of a 

larger 44/51 Si/PTFE particle that has been sectioned 

and polished. This particle shows the clear interfacial 

contact between smaller ~80 µm particles that have 

consolidated to form the larger particle. Additionally, 

this image shows the mixing intimacy (e.g., Si 

dispersion) and low porosity that is achieved in the 

individual ~80 µm composite particles. While there 

are some larger Si particles (light grey) that were not 

adequately refined during the cryomilling process, a 

large majority is refined and is well-dispersed in the 

PTFE matrix (dark grey). 

 

Figure 6: Proposed mechanism for the two-step 

cryomilling/HE milling process of the 

Si/PTFE system. 

The observed morphology transformation of both MA 

Si/PTFE as well as neat cryomilled Si suggests the 

following mechanism (Fig. 6). During the cryomilling 

process, the liquid nitrogen changes the relative 

ductility of the PTFE matrix, allowing for grain and 

particle size refinement of the neat Si powder. It 

should be noted that while there is significant 

refinement of the silicon powder, some larger Si 

particles do survive the six minute cryomilling 

process, as shown in the sectioned particle in Fig. 5. 

Particle sizing of neat cryomilled Si has shown a 

steady refinement of Si particles with increased 

cryomilling time. However, particle sizing shows that 

at six minutes the coarse Si particles are still in the 

process of steady refinement, indicating that 

increasing the cryomilling time beyond six minutes 

may be advantageous. Additionally, EDS analysis of 

the cryomilled Si particles indicates that the oxygen 

content of the cryomilled powder is reduced from 

1.4±0.1% (neat Si) to 1.2±0.2% (cryomilled six 

minutes) due to the increased unpassivated Si surface 
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area and absence of oxygen during milling to promote 

surface oxidation. It is anticipated that this low oxygen 

content will have good aging properties when milled 

with PTFE as the PTFE may also act as a protective 

layer. 

While it is understood that some fraction of composite 

particles will be formed during the Si/PTFE 

cryomilling process, the cryogenic temperatures 

primarily act to inhibit PTFE lamellar formation (i.e., 

reduced ductility at cryogenic temperatures), instead 

promoting refinement of both materials (Chung et al., 

2003). Once re-heated to room temperature, the HE 

milling process uses the ductile PTFE to form a matrix 

for silicon powder encapsulation. As shown in Figs. 4-

5, the HE milling process forms PTFE lamellar 

microstructures that are decorated with the refined Si 

particles. Those microstructures are then consolidated 

with other Si/PTFE structures/particles to form large, 

nearly fully-dense composite particles. 

Because of the ductile PTFE matrix, it was found that 

MA 44/51 SiTV was compactable to very high TMD 

values: 98.6±0.2% (with FC-2175 binder) and 

98.5±0.3% (without binder). Not only can this 

material be pressed to high TMD values, but no 

additional binder was necessary to do so. During the 

pressing process, each MA Si/PTFE particle is able to 

freely deform due to the ductile matrix of the 

composite, producing a high compact density. It can 

be seen in Fig. 7A,B that at 78% TMD (without 

binder) the produced pellet is visibly porous with high 

TMD particles visible throughout the compact, 

congruent with the observed MA Si/PTFE 

morphology (large, high TMD particles), that are 

being plastically deformed into place during pressing.  

Figure 7C shows a high density pellet obtained 

without additional binder being added.  

 

Figure 7: Pellets (6.35 mm diameter) of MA 44/51 

Si/PTFE pressed to: 78% TMD (A); detail 

image of surface morphology of the 78% 

TMD pellet (B); maximum attainable 

percent TMD – 98.5% (C). These pellets 

were pressed without the use of FC-2175 

binder. 

Typical XRD patterns of the as-milled Si/PTFE 

composite particles are shown in Fig. 8. From these 

traces, it is shown that only crystalline Si and PTFE 

are detected for any of the mixture ratios analyzed. As 

the Si/PTFE mixture becomes increasingly fuel-rich, 

the PTFE peak intensity decreases and the Si peak 

intensity increases indicating that the relative Si and 

PTFE peak intensities are in agreement with the 

Si/PTFE mixture ratios. Importantly, it is noted that no 

crystalline oxides, intermediates, or contaminants are 

apparent in the as-milled Si/PTFE composite material. 

However, EDS analysis of sectioned Si/PTFE 

composite particles indicated 2.02 wt.% oxygen and 

0.39 wt.% Fe, suggesting that these low level 

contaminants/oxides are either below the XRD 

detection threshold or amorphous. 

 

Figure 8: XRD analysis of the as-milled Si/PTFE 

composite material. 

Even though XRD showed no crystalline materials 

other than Si and PTFE in the composite material, 

oxygen bomb calorimetry (Fig. 9) of MA Si/PTFE 

indicates an average reduction of 18.4±2.5% below 

the calculated combustion enthalpies for the 44/51, 

60/40, 70/30, and 80/20 Si/PTFE mixtures. The 

minimum combustion enthalpy deficit was the 44/51 

Si/PTFE mixture, which had a reduction of only 

16.1% (15.6±0.4 kJ g
-1
). a similar loss in combustion 

enthalpy was also observed by Sippel et al. (2013) 

when milling Al/PTFE reactives, which reported that 

20 minutes HE milling of 70/30 wt.% Al/PTFE 

resulted in a 21.7% loss in combustion enthalpy from 

theoretical values. It was also observed that an average 

combustion enthalpy of 22.5±1.4 kJ g
-1
 was observed 

for the 80/20, 90/10, and 100/0 (neat Si) Si/PTFE 

mixtures, with the 90/10 yielding the highest 

combustion enthalpy of the MA mixtures (21.8±2.2 kJ 

g
-1
, 27.1% less than theoretical) and neat Si powder 

yielding 24.1±4.1 kJ g
-1
 (25.5% less than theoretical). 

This suggests that the silicon did not achieve complete 

combustion in the oxygen bomb calorimeter. This 

observation is congruent with Wise et al. (1963) 

which report that oxygen bomb calorimetry of Si 

generally does not result in complete combustion. 

While Sippel et al. (2013) observed a 21.7% loss in 

combustion enthalpy, they also reported that physical 

mixtures of 70/30 wt.% Al/PTFE yielded only a 

12.7% reduction in combustion enthalpy. However, a 

physical mixture of 44/51 Si/PTFE (Fig. 10) reduced 

the heat of combustion by 9.5% from 15.6±0.4 kJ g
-1
 

(MA 44/51 Si/PTFE) to 14.3±0.2 kJ g
-1
 (44/51 

Si/PTFE physical mix), resulting in a 23.3% reduction 

in combustion enthalpy from calculated values. This is 

significant as it shows that the two-step mechanical 

activation process improves the Si/PTFE combustion 

performance whereas MA Al/PTFE was shown to 
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perform worse than the physical mixture due to the 

formation of intermediate species. The combustion 

enthalpy of nanoscale Si (salt-assisted combustion 

synthesis, CS#1 (Terry et al., 2013)) with PTFE was 

also measured (Fig. 10) in the 44/51 Si/PTFE mixture 

ratio. Congruent with findings by Sippel et al (2013), 

the nanoscale Si mixture had a significant reduction in 

combustion enthalpy (36.8% reduction or 11.8±1.7 kJ 

g
-1
). 

 

Figure 9: Calculated and measured oxygen bomb 

calorimetry of the as-milled Si/PTFE 

composite material. 

 

Figure 10: Calculated and measured oxygen bomb 

calorimetry of 44/51 Si/PTFE mixtures. 

Thermal analysis of the MA Si/PTFE material was 

accomplished via DSC-TGA and is shown as Fig. 11. 

It can be seen from the DSC scans in Fig. 11 that an 

endotherm corresponding to the PTFE melting 

temperature is present around 327 ºC for all mixtures. 

Decomposition of PTFE begins at ~430 ºC and 

finishes at ~600 ºC, which is evident by the onset and 

end of sample weight loss respectively. It should be 

noted that the weight loss during PTFE decomposition 

is in agreement with the PTFE content of the mixtures, 

with measured weight losses of 54.2% (44/51), 31.0% 

(70/30), and 11.5% (90/10). In the 44/51 Si/PTFE 

mixture, PTFE decomposition is accompanied by a 

large endotherm onset at ~480 ºC and peak at 571 ºC. 

However, with the 70/30 and 90/10 Si/PTFE mixtures, 

PTFE decomposition is accompanied by exothermic 

reactions, indicating anaerobic reaction and altered 

reactivity between the Si and the PTFE decomposition 

products. Specifically, 70/30 Si/PTFE has two 

exotherms (peaks at 543 and 580 ºC) and 90/10 

Si/PTFE has two exotherms (peaks at 491 and 559 

ºC). Further efforts are necessary to fully elucidate the 

observed reactions. 

 

Figure 11: DSC-TGA traces of the as-milled 

Si/PTFE material. 

4. CONCLUSIONS 

A two-step mechanical activation process was 

developed to produce fuel-rich Si/PTFE reactive 

materials. This process involved cryomilling the 

constituents at liquid nitrogen temperatures to change 

the relative ductility of Si and PTFE, allowing for 

fracturing and refinement of the brittle silicon 

particles. HE milling of the material at room 

temperature then consolidated and cold-welded the 

refined silicon particles into a ductile PTFE matrix. It 

was shown that this process produces large (~80 µm), 

high-purity Si/PTFE composite particles that are able 

to freely deform and be pressed to near full density 

(98.5% TMD) without additional binder.  

While XRD analysis did not show the presence of 

crystalline oxides, intermediates, or contaminants, 

oxygen bomb calorimetry revealed that the measured 

combustion enthalpies ranged from 15.6±0.4 kJ g
-1
 

(44/51 Si/PTFE, 16.1% less than theoretical) to 

21.8±2.2 kJ g
-1
 (90/10 Si/PTFE, 27.1% less than 

theoretical). However, it was found that MA 44/51 

Si/PTFE produced a combustion enthalpy that was 

9.5% greater than a physical mixture of Si and PTFE, 

suggesting that the two-step MA Si/PTFE composites 

have a higher combustion performance than their 

precursors. These results indicate that a two-step 

mechanical activation process using both cryomilling 

and HE milling may be a suitable process for the MA 

of brittle/ductile systems with a high relative disparity 

in constituent ductility and should be evaluated in 

other brittle/ductile systems, particularly for reactives. 
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ABSTRACT 

We was studied synthesis of the complex of potassium 

5,7-dihydroxy-4,6-dinitrobenzofuroxane. 

Immobilization of the complex of potassium 

DHDNBFO on the fibres of cellulose nitrate was 

perfomed in water during the reaction.  Manometric 

tests of samples  of spherical powder containing 10 

wt.% the complex of potassium 5,7-dihydroxy-4,6-

dinitrobenzofuroxane shown that the complex of 

potassium 5,7-dihydroxy-4,6-dinitrobenzofuroxane 

was  a flame retarder of cellulose nitrate. 

1. INTRODUCTION 

The problem of improving efficiency  propellant  in 

munitions became cause that  high-energy components 

began to introduce in powder for increasing its force . 

The introduction of these components has led to the 

need to find ways to reduce the temperature of the 

powder gases at the same time control the dynamics of 

gas formation in the combustion of gunpowder. 

It is known that one way of process control is the use 

of retarders. Regulation of the burning rate in this case 

is achieved by entering into the surface layers of 

gunpowder substances that reduce the rate of 

combustion.  

Traditionally, substances used in spherical 

gunpowders were the flame retarders   which due to 

them low energy characteristics contributed to the 

reduce burning rate of the surface layers of the 

gunpowder. 

The complex of metal on the basis of a new energy-

intensive ligand 5,7-dihydroxy-4,6-

dinitrobenzofuroxane - complex of potassium 5,7-

dihydroxy-4,6-dinitrobenzofuroxane (DHDNBFO) 

was  first  proposed , for the purpose of to control the 

process of gassing. 

2. SYNTHESIS OF THE COMPLEX OF 

POTASSIUM-5,7-DIHYDROXY-4,6-

DINITROBENZOFUROXANE.  

Synthesis of complex of potassium DHDNBFO 

performed by hydrolysis in an aqueous medium of 

5,7-dichloro-4,6-dinitrobenzofuroxane (DCDNBFO) 

in the presence of excess potassium carbonate twice at 

75 ° C for 3 hours. 
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Figure 1: Synthesis scheme of the complex of 

potassium-5,7-dihydroxy-4,6-dinitrobenzo-

furoxane and its interaction with acids and 

alkalis 

DCDNBFO is a hydrophobic compound, which is why 

most of the time it takes to transition to the reaction. 

Synthesis was studied in three variants for eliminate of  

separation phase : 1 - solvent dimethylsulfoxide 

(DMSO), 2 - nonionic surfactant (Nonoxynols AF-9-

12), 3-cationic surfactant (cetyltrimethylammonium 

bromide - CTAB). 

The reaction temperature possible to reduce  to 60 ° C 

while maintaining of the yield, while the reaction time 

remained unchanged if using  DMSO (Table 1). 

The reaction takes place in a narrow temperature range 

when using a 0.1% solution of CTAB, that  render 

difficult the control the reaction in order to obtain the 

desired product quality - complex of potassium 

DHDNBFO (Table 1). 

The dispersion is so small  in 5% aqueous nonoxynols 

DCDNBFO that the solution was close to transparent. 

Gumming of the product did not occur by varying the 



temperature from 50 to 80 ° C during the synthesis the 

complex of potassium DHDNBFO.  

The highest yield observed in solution of nonoxynols 

at the reaction temperature 60 ° C and the time 90 

minutes (Table 1). 

 Quantitative yield the complex of potassium 

DHDNBFO was when using  of DMSO and 

nonoxynols  at a temperature of 60 ° C and the time 60 

minutes (Table 1). 

 

 

 

Table 1: Conditions for the complex of potassium- 

5,7-dihydroxy-4,6-dinitrobenzofuroxane  

Number of 

experiment 
DMSO Nonoxynols CTAB 

Tempe-

rature, 

ºС 

Time, 

min 

Yield, 

% 

1 - - - 75 180 79,5 

2 + - - 60 180 63,6 

3 - + - 60 90 81,3 

4 + + - 60 60 77,7 

5 - - + 40 360 72,3 

6 - - + 50 90 74,2 

7 - - + 60 60 Gum 

 

Thus, the optimal conditions for the synthesis the 

complex of potassium DHDNBFO  were   solution of 

nonoxynols 5% and DMSO (H2O: DMSO = 10:1) 

time interval of 60-90 minutes and temperature 60°C. 

3. IMMOBILIZATION THE COMPLEX OF 

POTASSIUM DHDNBFO ON THE CELLULOSE 

NITRATE.  

Next, we investigated the possibility of introducing 

complex of potassium DHDNBFO on the surface of 

the fibers of cellulose nitrate (NC). 

A method immobilizing was proposed for uniform 

distribution the complex of potassium DHDNBFO   on 

the fiber cellulose nitrate in using  chemical reaction 

of DCDNBFO under the action of potassium 

carbonate in micellar environment. 

As shown by the results of experiments using  in an 

amount of 5% was necessary to prolonged washing 

NC masses to completely remove the surfactant. In 

this regard quantity of nonoxynols reduced to a 

concentration of 0.2-0.4% by weight of the solution 

(Table 2). 

Content of DMSO in the aqueous phase of 10 wt.% or 

higher leads to dissolution and subsequent formation 

granules of NC. This affects the yield and quality of 

immobilization. Therefore quantity of DMSO was 

decreased to 3.8% (Table 2). 

Table 2: The dependence output complex of potassium 

DHDNBFO of additives 

Number of 

experiment 

Nonoxynols 

weight.% 

DMSO, 

weight% 

Calculated 

complex of 

potassium 

DHDNBFO 

in the 

modified 

NC, 

weight% 

The actual 

content 

complex of 

potassium 

DHDNBFO in 

the modified 

NC, weight% 

1 5 10 30 17 

2 0,2 3,8 10 8,64 

3 0,2 3,8 5 4,22 

4 0 3,8 10 8,08 

 

Immobilization process carried out by the following 

procedure: in an aqueous solution nonoxynols (or 

water) was poured solution DCDNBFO  in DMSO, 

and only then charged NC. The mass was stirred for 

30 minutes, during which time there was an even 

distribution throughout NC the DCDNBFO . After 30 

min, charged with potassium carbonate and the mass 

heated to reaction temperature. After the reaction   the 

mass of NC was filtered, washed with water. The yield 

complex of potassium DHDNBFO surface fibers of 

cellulose nitrate is quantitative  . 

Visually modified NC is a homogeneous color is dark 

yellow. The particle size of modifier studied with an 

electron microscope with a magnification of 50, 100 

and 200. Photographs  shows the samples of the 

modified NC (Fig. 2). 

 

a 

 

b 

 

c 

Figure 2: Microscopic images of the modified 

cellulose nitrate containing 10% of complex of 

potassium-5,7-dihydroxy-4,6-

dinitrobenzofuroxane: a - resolution 50 times; b 

- resolution 100 times; c - resolution 200 times 



On the photographs can be seen that particles of the 

complex of potassium DHDNBFO  uniformly 

distributed throughout the NC, and their sizes are in 

the "microrange" (15-50 micron). 

Due to the fact that the complex of potassium 

DHDNBFO has a high-energy, its introduction in the 

volume of NC can lead to increased sensitivity of the 

NC. 

Table 3: Sensitivity to the impact of the original NC 

and 10% of the modified complex of potassium 

DHDNBFO NC (samples 5-6% moisture) 

Sample 
Sensitivity to the impact, % 

(Р=10 kg, Н=25 cm) 

NC 92 

Modified cellulose nitrate 92 

As the results of the tests, the introduction of complex 

of potassium DHDNBFO of 10 wt.% did not affect the 

sensitivity of the NC to the punch. 

Therefore, the proposed modification method yielded 

a safe mixture of NC and the complex of potassium 

DHDNBFO, thus securing the deposition of energy-

intensive materials and its uniform distribution on the 

fibers of NC. 

4. INVESTIGATION OF THE STRUCTURE OF 

THE MODIFIED CELLULOSE NITRATE 

4.1. The method of X-ray diffractometry 

Variation of the fine structure of the modified NC can 

be observed by X-ray diffraction curves. 

 

a b 

Figure 3: Radiographs (a) of pure cellulose nitrate, and 

(b) a modified cellulose nitrate 10 wt.% 

complex of potassium-5,7-dihydroxy-4,6-

dinitrobenzofuroxane 

According to the study, after modification NC 

complex of potassium DHDNBFO there was a change 

of crystallite size of NC that for pure NC are 0.694 

nm, and for the modified complex of potassium 

DHDNBFO of NC - 3,663 nm. 

The degree of crystallinity, NC, according to 

calculations by the X-ray diffraction (Fig. 3), are equal 

to 19% and the modified NC - 18%. That is, 

disordering  occurred  structure  of NC . Thus, the 

complex of potassium DHDNBFO has mild 

plasticizing properties. 

4.2. By infrared spectroscopy (Fig. 4) 

Studies of samples of the modified complex of 

potassium DHDNBFO NC were conducted to 

determine the nature of the interaction with the 

complex of potassium DHDNBFO NC, since we have 

not ruled out the possibility of chemical interaction 

between them. 

Molecule of NC contains  nitro and hydroxy groups. 

Nitro groups are electron acceptors and are capable of 

coordinating with protons, metal cations. Hydroxy 

groups, in turn, are capable of forming hydrogen 

bonds with the same hydroxyl or nitro groups.  

Complex of potassium DHDNBFO in its composition 

has  centers interaction a metal ions (potassium) and 

acceptor nitro furoxane ring. 

Bond formation is convenient to observe in using the 

change in intensity or position of the characteristic 

bands in the IR spectra of the original NC and NC 

after it was modified. 
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Figure 4: IR spectra of samples: 1-NC+ complex of 

potassium DHDNBFO; 2-NC; 3- complex of 

potassium DHDNBFO 

From an analysis of spectra in the samples of cellulose 

nitrate containing complex of potassium DHDNBFO, 

there is a change in the 3585-3430 cm-1, indicating 

possible formation of hydrogen bonds between the OH 

groups and NC furoxane or nitro ring complex of 

potassium DHDNBFO. This, in turn, leads to a 

weakening of intramolecular bonds between hydroxyl 

and nitrate groups NC that are consistent with data on 

the change in the degree of crystallinity (Fig. 3). 

Thus, it was found the formation of chemical bonds 

between the NC and the  complex of potassium 

DHDNBFO. 

5. MANOMETRIC TESTS OF SAMPLES 

CONTAINING SPHERICAL POWDER 10 WT.% 

COMPLEX OF POTASSIUM 5,7-DIHYDROXY-

4,6-DINITROBENZOFUROXANE  

Manometric tests were conducted for two samples: 

indesensitized spherical powder (sample 1) and 

spherical powders containing 10 wt.% complex of 

potassium DHDNBFO (sample 2). Volume 

manometric bomb - 34 cm
3
, loading density - 0.17 

g/cm
3
. Analysis was performed on the assumption that 

the combustion takes place in parallel layers and the 

average sample uniform burning arch thickness. When 

the approximation of the law of the linear burning rate 

U = U1P and power U = bP
υ
 dependencies use of 

experimental data relating to a range of pressures (0,2-

0,8) Pmax, where Pmax - maximum pressure obtained in 



the experiment (Fig. 5). Coefficients U1 and U1 (imp) 

(Table 6) in a linear law combustion 

U (P) = U1P                                        [1] 

and b, υ burning in the power law 

U (P) = bP
υ
                                         [2] 

were the least squares method. 

 

(1) sample 1  

Pmax=2278  

(2) sample 1 

Pmax=2303  

(3) sample  2   

Pmax=1804 

(4) sample  2   

Pmax=1823 

(5) sample  2   

Pmax=1823 

t=4 мs 

Figure 5: Combustion of gunpowder : 1 sample - 

operational  indesensitized monobasic spherical 

powders; 2 sample - monobasic spherical 

powders, containing 10% by weight complex 

of potassium-5,7-dihydroxy-4,6-dinitrobenzo-

furoxane 

The experimental burn rate was calculated using the 

geometric law, which allows us to express the share of 

the burnt sample (Ψ) through a set of dimensionless 

burned (z) and the coefficients of the powder element 

(χ) 

Ψ

⋅⋅
⋅

=
Ψ

⋅
⋅

=

δ

δσχσχ Pdt

dP

z

e

dt

d

z

e
PU

1

)()(
)( 11      [3] 

The quality of the approximation of the experimental 

velocity estimated average relative approximation 

error ε1 and ε2, the unit value of the burning rate is 

also calculated based on the total momentum pressure 

(Ik) and pulse pressure to a pressure igniter (Iign). 

Performed thermodynamic calculations complex of 

potassium-5,7-dihydroxy-4,6-dinitrobenzofuroxane. 

Table 4: The energy characteristics of the complex of 

potassium-5,7-dihydroxy-4,6-dinitrobenzo-

furoxane 

Compound 
Power,  

kJ/kg 

The temperature of  

burning propellant 

gases, К 

The oxygen 

balance, % 

Complex of 

potassium 

DHDNBFO 

1020 3132 -24.0 

Table 5: Composition of the products of combustion 

Compound 

Composition, mol / kg 

СО 

 

СО2 

 

N2 

 

Н2 

 

Н2О 

 

Compounds 

of 

potassium 

The total gas 

products 

m3/kg 

Complex of 

potassium 
16.91 4.64 4.71 3.89 8.21 0.53 0.0784 

DHDNBFO 

NC 15.31 5.55 4.86 3.22 10.21 - 0.96-0.98 

 

In general, the composition of the gaseous products of 

the almost similar to that of combustion NC, and the 

decrease in the generation of gas by replacing part of 

the NC  the complex of potassium DHDNBFO can 

have a positive impact on the total pressure of the 

propellant gases during firing. These properties 

provide a basis for their research as a component of 

gunpowder. 

Comparative barometric  tests of sample 1 and sample 

2 showed a degressive nature of the gamma function 

of sample 1 (Figure 5, Table. 4), which is a negative 

factor preventing its use in high-speed 5.6 mm hunting 

cartridges series "Cowboy" because of excess the 

pressure of powder gases. The implementation of 

more advanced modes of gas formation in these 

systems is due to desensitization of the sample 1 2-4 

wt%. dibutyl phthalate (Lyapin 1997, Pochukaev 

1993).  However desensitization powder elements 

together with said positive effect, increases the 

manufacturing complexity due to the need 

desensitization of powder. Furthermore, the content of 

phlegmatizer in the outer layers of powder 

components should be 20-40 wt%. And this, in turn, 

can lead to deterioration in ignitability powder, 

particularly at subzero temperatures. 

T
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Figure 6: The curves of the dependence of  the 

pressure gasification: 1 sample - operational  

indesensitized monobasic spherical powders;    

2 sample - monobasic spherical powders, 

containing 10% by weight complex of 

potassium-5,7-dihydroxy-4,6-dinitrobenzo-

furoxane 

Table 6: Manometric test results 

Number 

of 

Experi-
ment 

U1(Imp) 

(dm/с)/ 

(kgf/dm2)

U1(кл) 

(dm/с)/ 

(kgf/dm2)

Ik 

bar s 

Iign 
bar 

s  

b ν ε1 ε2 

Sample 1 

1 
1,6999E-
04 

1,4668E-
04 

171,682,62
6,2160E-
02 

0,49015,68,5 

2 
1,5603E-
04 

1,4062E-
04 

201,143,48
5,9974E-
02 

0,49020,015,3 

3 
1,6239E-

04 

1,4470E-

04 
171,422,87

6,2754E-

02 
0,49022,016,8 

average 
1,6280E-

04 

1,4400E-

04 
181,412,99

6,1629E-

02 
0,49019.213,6 

Sample 2 

Sample 2 

Sample 1 



1 
8,7468E-

05 

8,5841E-

05 
345,70 5,20

2,4243E-

04 
0,91 1,7 1,3 

2 
8,7293E-
05 

8,5971E-
05 

236,54 4,73
1,9281E-
04 

0,93 1,2 0,9 

3 
8,6672E-
05 

8,5935E-
05 

210,41 3,74
1,6430E-
04 

0,99 1,1 1,2 

average 
8,7144E-
05 

8,5916E-
05 

264,22 4,56
1,7722E-
04 

0,94 1,4 1,1 

Note. loading density ∆=0,1706 g/cm3 

 

There are other methods of inhibiting the burning rate 

(Lyapin 2003). For example, the kinetic method is 

characteristic for the filled powders which contain 

heat-resistant explosives or metallic additives. The 

particulate fillers have a certain delay ignition of 

combustion. They act as heat accumulators, that 

reduces the intensity of gas formation in the initial 

combustion period. 

This type of kinetic inhibition was used during the 

manufacture of spherical powders for 5.6 mm rifle 

cartridges "cowboy", when dispersed as fillers were 

used aluminum (Tflash = 540°C), magnesium (Tflash 

= 600-650°C) (Lyapin 2003). Putting them into the 

powder gives an effect similar to desensitization 3-4 

wt.% of Dibutyl phthalate. Considering that ignition 

temperature complex of potassium DHDNBFO is 

300°C, at a weight input 10% or more it will also 

perform the function of the volume-distributed a flame 

retarder. 

Conducted ballistic tests on samples of powder 

containing 10% by weight complex of potassium 

DHDNBFO confirmed this possibility (Table 7). 

Table 7: The test results of samples of 5.6 mm rifle 

cartridges 

Sample 

Moisture 

content, 
% 

Fractional 

composition, 
mm 

Bulk 

density, 
g/cm3 

Ballistic performance 

The 
mass 

limit 

charge, 
g 

The 

mass 
charge, 

g 

Speed 
of the 

bullet 

average, 
V10, м/с 

The 
pressure 

of 

powder 
gases, 

average, 

MPa 
(kgf/cm2) 

1 0,2 0,16-0,315 0,495 0,96 

0,09 3241,2 
101,5 

(995) 

0,1 3543 
117,6 
(1200) 

2 0,2 0,2-0,4 0,702  0,082 319 
101,8 
(998) 

Notes: 1 – Requirements of Specification 7506804-124-92 (sample 1): 

0,070-0,090 g weight of the charge, the average velocity 315-325 m / s, the 

pressure of powder gases, average, no more than 117.7 MPa (1200 
kgf/cm2); 

2 - Requirements of Specification 7506804-138-93 ("Temp-extras') weight 

of the charge 0,085-0,100 g, the average velocity of 320-330 m / s, the 
pressure of powder gases, average, no more than 117.7 MPa (1200 kgf / 

cm2); 

3 - Requirements of Specification 7506804-170-93 ("Cowboy 350"): 
weight of the charge is not more than 0.16 g, the average velocity 335-355 

m / s, the pressure of powder gases, average, no more than 127.7 MPa 
(1300 kgf/cm2). 

 

6. CONCLUSIONS 

Thus, the density of the granules and dispersion as 

compared with unfilled powders and granules 

precluding phlegmatization, rendered possible to vary 

in a wider range when introduction of the complex of 

potassium DHDNBFO  in spherical gunpowder. 
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ABSTRACT 

We are interested in the case of moderate mechanical 

impulses such as falls or impacts that do not lead to a 

shock-to-detonation transition. A mechanism of hot 

spot formation by local heating is proposed as well as 

an engineering resolution of the heat equation. This 

model is calibrated for the widest possible range of 

strain rates. The model has been implemented in a 

finite element code and is used to conduct 

comparisons between simulations and experiments. 

Results obtained for the Susan test are presented. 

Initiation is predicted in the bulk of the sample. 

1. INTRODUCTION 

The combustion to deflagration or detonation 

phenomenon in HMX-based pressed explosives is still 

poorly understood and as a result badly predicted. 

Safety studies of pyrotechnic structures find thus 

benefit from a prediction of ignition conditions 

preliminary to any runaway of the reaction. In this 

paper, ignition or initiation are defined as the 

explosion time when the chemical heat due to 

decomposition exceeds the heat released by 

conduction into the material. It precedes the formation 

of the combustion front. 

The material studied in this paper is made of 95% of 

HMX crystals (octahydro- 1, 3, 5, 7-tetranitro- 1, 3, 5, 

7- tetrazocine) the mean diameters of which ranging 

from 0.1 to 600 µm. Crystals are mixed with a few 

percent of a polymeric binder. The powder is densified 

using a hot isostatic process. A maximum pressure of 

150 MPa is applied. The end product porosity is 1.5-

2%. Its mechanical behaviour is close to the PBX9501 

one. 

The material behaves like a geomaterial due to the 

high solid fraction of HMX. At low confinement, 

micro-cracking dominates the behaviour leading to a 

brittle response and a difference between tensile and 

compressive conditions. If the mean pressure exceeds 

10-20 MPa, a ductile response is observed. The 

macroscopic mechanical behaviour has been explored 

using triaxial tests. The cylindrical sample is firstly 

submitted to an isostatic confinement and then to a 

longitudinal compression. At high confinement 

(800 MPa), a non linear stress-strain curve is observed 

until a deformation of 0.2, limited by strain gage 

measurements. The maximum stress is 260 MPa but a 

higher value could be expected if the test was 

continued to higher deformation. 

Among the tests used to characterize the energetic 

response of this material, the Susan test were designed 

early in the seventies. Description of the test can be 

found in (Weston and Green 1970) and will be given 

below in section 2. Interpretation of the test with 

respect to initiation location and mechanism is hardly 

tractable due to the aluminum cap. In this paper, the 

numerical tool designed for weak impact loadings and 

proposed by Picart and Bouton (2010) is modified and 

applied to predict initiation conditions during such 

experimental conditions. 

During the impact, the explosive sample is submitted 

to a violent loading. The pressure is at the order of 

several 100 MPa, the strain rate ranging between 10
3
 

and 10
5
 s

-1
 and deformation between 0.5-1. At the 

microscopic scale, mechanical fields are intensified 

due to local heterogeneity as could be micro-cracks, 

porosity and/or shear bands. Among the possible 

heating mechanisms, the friction of micro-crack lips 

submitted to relative displacement and the plastic 

dissipation into shear bands are more than likely the 

mechanisms of heating (see for example Dienes 

1984). An engineering and versatile model is proposed 

in section 3. Friction between two surfaces being the 

borderline case of the shear of a fine band, the two 

cases can be considered in our model without any 

modification.  

This model has been implemented in the finite 

element code Abaqus/explicit (section 4). Two 

dimensional axisymetric simulations enable to 

understand how the mechanical behaviour of the 

aluminum cap influences the location of initiation into 

the sample. These results are discussed in section 5. 
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2. THE SUSAN TEST 

The Susan test was designed in 1960-1970 at the 

Lawrence Livermore National Laboratory to 

characterize the safety of US plastic-bonded 

explosives (Weston and Green 1970). A cylindrical 

sample embedded into an aluminum thin cap is put in 

front of a heavy steel projectile (Fig. 1). The whole 

assembly is fired from a gun at a wall. During the 

impact, the axis of the projectile is perpendicular to 

the target. 

 

Figure 1: Susan test projectile from Weston and 

Green (1970). The projectile is launched on a 

wall. The impacted face is at the right. The 

sample is 54 mm in diameter and 101.6 mm 

in length. 

Cameras were used to observe the displacement of the 

projectile, its outer deformation and the reaction. 

Overpressure gages placed 3 m front the point of 

impact recorded the violence of the reaction. Figure 2 

shows that the reaction is far below the shock-to-

detonation threshold, the critical velocities being 

below 75 m/s for the five compositions mentioned on 

Fig. 2. This threshold ranges between 52 and 69 m/s 

for PBX9501. 

 

Figure 2: Threshold velocity for several 

compositions (from Vandersall et al. 2006) 

and for friction and impact experiments. 

Susan test were made on our composition. Figure 3 

gives the dimensions used to simulate the test. If the 

nose of the projectile is exactly the same as the 

dimensions reported by Weston and Green, the back 

part of the projectile has been simplified for 

simulations. The mass of the steel body takes into 

account the accessories. 

Experiments had shown a critical velocity of 

55±7 m/s. Our interest being focussed on initiation, 

results obtained using overpressure measurements are 

not detailed here. 

Images taken during experiments shown the projectile 

before the impact, its crunch up at the wall and the 

release of fragmentized powder into an opaque cloud. 

Late after, light was observed. During the 

experimental campaign, an analysis of all the images 

had highlighted the influence of the aluminum cap. It 

deforms longitudinally along the impact direction, but 

also transversally due to the radial flow of the sample. 

The cap fails allowing the material to flow outside, 

between the wall and the open cap. Researchers 

interpreted initiation as the consequence of the plastic 

flow (and the associated heat) of the explosive into 

this gap.  

 

Figure 3: (top) Susan projectile with dimensions in 

millimetre used for simulations. (bottom) A 

cut-view of the axisymetric projectile: the 

sample is in blue, steel and aluminum pieces 

are in grey. 

3. HOT-SPOT FORMATION MECHANISM 

3.1 Dissipative source term 

The pressure applied to obtain such a dense material 

results in intense local stress specifically at the 

contacts between contiguous grains. Optical 

observations of the microstructure of the pristine have 

shown micro-cracks into the crystals as well as some 

evidence of the plasticity of the crystals. These 

observations have also been made on samples 

recovered from various mechanical experiments (from 

quasi-static to dynamic, and for a variety of 

confinements). If grain-matrix debonding is observed 

for low confinement, none other mechanism has been 

identified which could have led to local finite strain 

and heating. Depending on the confinement, micro-

cracks or damage competes with plasticity to 

accommodate the deformation. Interested readers can 

read Trumel et al. (2010) for more details. The 

previous method of observation is destructive and 
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enables only post-mortem investigations. It can’t be 

used to reveal the relative displacements between 

grains, a third mechanism which could heat the 

material. Fortunately, the heats released by friction 

between micro-crack lips and between adjacent grains 

submitted to a relative displacement can be modelled 

using the same theory. 

The paragraphs below detail a model of heat due to 

friction. Analogy with plasticity will be discussed. The 

mechanical dissipation can be computed as the 

product of the local shear stress by the local relative 

velocity between the crack lips. At the micro-crack 

scale, friction threshold is neglected and the tangential 

stress is supposed to be linearly governed by the 

pressure normal to the micro-crack.  

The relations between macroscopic and microscopic 

mechanical fields are still unknown due to material 

and geometric nonlinearities (finite strain). One can 

see for example in Browning and Scammon (2001) 

how scales could be related for PBX9501. 

Unfortunately, even simplistic assumptions on the 

grain arrangement led to a dissipative term which 

must be calibrated using macroscopic impact 

experiments. A theory based on the local behaviour of 

the crystals being still impossible, rough assumptions 

are proposed here. The local pressure is linearly 

related to the macroscopic one. The relative velocity is 

supposed to be the consequence of the local shear 

strain rate developing into a thin band normal to the 

micro-crack surface. This assumption transforms the 

heat released by friction at a surface into the heat 

released into a volume. It gives the correspondence 

between friction and plasticity. On the other hand, 

local and macroscopic strain rate are linearly related. 

Thus, the local relative velocity is linearly dependent 

on the macroscopic strain rate multiplied by a 

characteristic and constant length. This length could 

be of the order of the grains mean dimension but we 

don’t need to determine its value. Lastly, the source 

term of the heat equation is given by the following 

relation: 

ρ

γ
•

pA.
  [1] 

where p is the macroscopic pressure, 
•

γ  is the 

macroscopic plastic shear strain rate and ρ is the 

density. The symbol <.> denotes “the positive part of 

p”. It enables to separate open and close micro-cracks. 

A combines the local friction parameter, the 

characteristic length and the proportionalities between 

local and global quantities.  

3.2 Chemical heat production 

The mechanical dissipation [1] is added to the heat 

equation as well as the heat production by the 

chemical decomposition. The latest is determined 

using a multi-step kinetic of decomposition of the 

HMX previously published in Gruau et al. (2009). A 

chemical heat production of 180 MW/m
3
 determines 

ignition. 

3.3 Approximation of the thermal diffusion 

For weak impact loading conditions, ignition can be 

observed after 50-100 µs. The Fourier’s number 

shows that a mesh size of a micron is required to 

obtain an accurate solution of the thermal problem. 

Unfortunately, the time step used for explicit 

simulations of impact is correlated to this size. Thus, 

solving the thermal and the mechanical equations on 

the same thin mesh becomes too expensive, even for 

two dimensional simulations. The thermal problem is 

thus approximated. 

The local heat, and thus the temperature increase, is a 

competition between production and the diffusion 

mechanisms. The problem standing in the diffusion 

term, an adiabatic assumption is used. Diffusion is 

thus suppressed from the heat equation and is replaced 

by a variation of the production term. The variation is 

determined by the time. A small increase of the 

temperature is expected during quasi-static loadings, a 

large amount of heat being diffused. Inversely, the 

diffusion has less time to proceed during impact. So, 

we propose to adjust the heat production taken into 

account in the adiabatic problem with respect to the 

strain rate. 

In a first attempt to use our model, A was a constant 

(Picart and Bouton 2010). It was calibrated on an 

impact experiment and used to simulate some 

evolutions of the same test (shape of the projectile, 

influence of the front plate of a target, etc.). Good 

predictions were obtained. To extend the model from 

quasi-static loading (10
-4
 s
-1
) to highly dynamic ones 

(l0
5
 s
-1
), A is replaced by a power law of the following 

form: 

b

aA















=

•

•

*

.

γ

γ
  [2] 

where 
•

*γ  is equal to 1 s
-1
. The two constants a=0.46 

and b=0.22 have been determined comparing 

numerical and experimental initiation data for a large 

range of strain rate. Susan tests data are not used for 

this calibration.  

4. FINITE ELEMENT SIMULATIONS 

The finite element code Abaqus/explicit 6.8 is used to 

model the Susan test impact. The following 

paragraphs give the details of the simulations. 

4.1 Constitutive laws and boundary conditions 

The Susan test projectile is composed of PBX, steel 

and an aluminum cap. Elastic perfectly plastic 

behaviours have been used for the two last materials 

(Table 1). An element deletion method is introduced 

for aluminum to mimic the failure of the cap. The 
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ductile damage law proposed in Abaqus is used when 

strain have reached an amplitude of 0.5, whatever the 

stress triaxiality. The Hillerborg’s method is then 

applied as aluminum softens. A maximum 

displacement of 1 mm is allowed before element 

deletion. 

Table 1: Constitutive laws for steel and aluminum. 

 steel aluminum 

density (kg/m
3
) 7850 2720 

Young’s modulus (GPa) 210 70 

Poisson ratio 0,3 0,33 

yield stress 400 200 

element deletion no yes 

 

The constitutive law proposed by Picart and Bouton 

(2010) is used for the explosive sample. It has been 

implemented in Abaqus/explicit through a user 

material subroutine VUMAT. The main assumptions 

are remembered now. This law is based on the 

microplane formulation (see for example Bazant and 

Oh 1983). For each plane, a hypoelastic plastic rule is 

chosen, with a dependence of the yield stress on the 

normal pressure. Due to the perfect plasticity assumed 

here, this model behaves like the classical Drucker-

Prager’s model except a smooth elastic-plastic 

transition. This transition is related to the number of 

planes which have reached the yield threshold. The 

following relations have been implemented for each 

plane: 

vvv
D E=τ&   [3] 

)p
ddDD DD −(=     ττττ E&  [4] 

00vD . ≤−+ τταττττ  [5] 

Equations [3-4] give the relation between the stress 

rate versus the total and plastic strain rate. Ev and ED 

are the volumetric and the deviatoric moduli 

respectively equal to 3K and 2G, K and G being the 

classical bulk and shear elastic moduli. Equation [5] is 

the plastic threshold relating the norm of the 

deviatoric stress vector to the pressure. The 

confinement dependence is given by α and the initial 

equivalent stress by τ0. 

The four parameters of the model have been 

determined using a set of triaxial experiments. During 

such a test, a cylindrical sample is loaded, first, by an 

isostatic pressure and then by a uniaxial compression. 

Bulk and shear elastic moduli are respectively equal to 

5 and 1.07 GPa. The pressure dependence of the yield 

stress is equal to 0.06 and the initial yield stress to 

12 MPa. Comparisons between data and the 

constitutive law are given in Figure 4. 
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Figure 4: Comparison between data (lines) and the 

model (dashed lines) for three confinements 

applied during triaxial experiments. 

4.2 Numerical adjustments 

Two dimensional axisymetric simulations have been 

made with Abaqus/explicit. A fixed analytical rigid 

surface defines the wall. Reduced integration finite 

elements (CAX4R) have been used. Their initial size 

is 250 µm in the sample, 1 mm into the steel body and 

350 µm in the cap. 

Frictionless contact is assumed at the cap/wall 

interface (“hard contact” method in Abaqus) with 

normal separation even after a first contact. The 

friction between the sample and the cap is modelled 

with a friction parameter of 0.2. Normal separation is 

also possible at this boundary. 

5. NUMERICAL RESULTS 

A critical velocity of 47 m/s is numerically obtained. 

The difference with experimental data can be 

explained by almost two reasons. Firstly, the variation 

of the source term in the heat equation is calibrated for 

a large range of strain rate. A small error in the 

interpolation modifies the time to initiation (few 

microseconds). An in-depth analysis is necessary to 

deduce the “numerical error” associated the 

calibration. The second reason relates to experiments 

and diagnostics. Ignition was deduced when light was 

observed into the cloud. A non-ignited result can hide 

a test during which hot-spots formed and quenched 

during the fragmentation of the sample. Unfortunately, 

we never recovered a non-ignited sample to make 

post-mortems observations of the microstructure. 

However, it is reassuring to find a low bound for the 

critical velocity for the safety studies of pyrotechnic 

assemblies. 

Following Figure 5 have been obtained for an initial 

velocity of 70 m/s. Approximately 200 µs after the 

impact, the cap fails and the sample flows in the radial 

direction. Ignition is predicted 400 µs after the impact. 

Ignition is localized into the explosive sample, along 

the longitudinal axis and few millimetres from the cap. 

Ignition into the bulk is not surprising. Some examples 

of ignited zones have been described in Picart and 

Bouton (2010) for several Steven test configurations 

(a projectile impacts a thin target) and for the punch 
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test. The main difference between these tests and the 

Susan test stands in the late ignition observed during 

the last impact configuration. Time to ignition is five 

to eight times the one observed during the Steven tests 

and the punch test. 

Figure 5 shows an increasing ignited zone into the 

sample. Readers must remember that the proposed 

model don’t take into account hot gas flow into the 

microstructure. The expanding red zone is only due to 

the energy dissipated into each finite element.  

 

 

 

 

Figure 5: Location of ignition (red) during a Susan 

test at 70 m/s. From the top to the bottom, 

initial configuration at the impact, and 

deformation of the projectile after 400, 576 

and 600 µs. 

The red band in Figure 5 develops from the axis of 

symmetry to the outer. 576 µs after the impact, a 

second location of ignition is observed along the cap 

due to the tangential friction between the sample and 

aluminum. The two bands join few tens of 

microseconds after. 

 

 

 

 

Figure 6: Pressure in the explosive sample at 400 

and 576 µs. The maximum pressure in the 

grey zone is 130 MPa. 

Figure 6 shows that the maximum pressure is located 

along the axis. At 400 µs, the pressure ranges between 

80 and 100 MPa and reaches 130 MPa at ignition. For 

the first ignited finite element, Figure 7 gives the 

pressure, the maximum principal strain rate and the 

absolute value of the minimum strain rate as a 

function of time. Due to the large number of time 

increments, data are collected each 8 µs. The pressure 

history in this finite element can be divided in three 

phases: (1) a rapid increase to approximately 75 MPa, 

(2) a plateau during 250 µs and (3) a slow increase 

from 75 to 125 MPa. Analyzing the instantaneous 

strain rate is difficult due to rapid variations from a 

step to another. Moreover, the order of magnitude of 

the strain rate can be deduced from Figure 7. The 

minimum principal strain rate (negative) has been 

converted in a positive curve. The strain rate ranges 

between 2.10
3
 and 5.10

3
 s
-1
. It decreases slowly along 

the time.  

The VUMAT user subroutine enables saving the 

increment of energy due to the mechanical dissipation 

(eq. [1]) and to the chemical decomposition 

(Figure 8). The same time sampling is used. The 

mechanical one starts with the beginning of the impact 

and increases the temperature. Due to the first stage of 

the decomposition (HMX transforms from β to δ 

phase in an endothermic way) and the Arrhenius 
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decomposition rates, it takes 200 µs before the heat 

released by decomposition exceeds few Joule per 

kilogram. The slope of the increment of chemical 

energy versus time curve changes at 300 µs. The heat 

released by the second and third exothermic steps of 

the kinetic take place and led to ignition. 

The simulations made without element deletion have 

shown a late ignition. It confirms the experimental 

interpretation mentioned above on the influence of the 

cap. Without element deletion, the sample is confined 

by the cap, the later reducing the radial velocity and 

the strain rate. However, our simulations demonstrate 

that initiation isn’t due to the flow in a small gap 

between the failed cap and the wall. The earliest 

mechanism of initiation is the consequence of the 

friction (or plastic deformation) at the micro scale, 

into the bulk. The opacity of the projectile explains 

why it never was observed during experiments. Light 

on the images was probably due to the ejection and 

expansion of yet ignited fragments. 
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Figure 7: Pressure history (line) in the first ignited 

finite element, and maximum and minimum 

strain rates (dashed lines). Data sampling 

frequency: 1/8 µs
-1
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Figure 8: Mechanical and chemical energy 

increment in the same finite element. Data 

sampling frequency: 1/8 µs
-1
. 

If initiation is always predicted in the same zones, the 

time to ignition varies with the friction at the 

sample/cap interface and with the behaviour of the 

cap. The determination of the friction parameter 

between PBXs and metallic materials is under study in 

our laboratory. Durand et al. (2011) have proposed a 

new experimental set-up to reach this goal. First 

attempts have shown that a value between 0.1 and 0.4 

is of the right order of magnitude. More work is 

needed to model friction in highly dynamic and under 

high pressure loading conditions. 

The constitutive law of the aluminum must be 

improved. If it is today impossible to confirm the 

nature of the material used few decades ago, future 

Susan tests would integrate a mechanical 

determination of the failure envelop of the material.  

5. CONCLUSION 

The Susan test was designed to characterize the 

reactive behaviour of plastic-bonded explosives 

submitted to moderate impact loading conditions. A 

hot-spot formation mechanism (friction or plasticity) 

has been proposed for a pressed explosive 

composition made of HMX, as well as a simplification 

of the heat equation.  

Susan test impacts have been simulated using a finite 

element code. Results show the influence of the 

aluminum cap on the time to initiation. The cap acting 

as a confinement, material with delayed failure will 

delay initiation too by limiting the strain rate into the 

bulk even if the pressure will increase. Unlike 

experimental interpretation, initiation isn’t due to a 

rapid flow of the material into a small gap formed by 

the failed cap and the wall. Initiation is predicted in 

the sample. Post-mortem observations of the 

microstructure are needed to confirm our predictions 

for impact made just below the velocity threshold. 

Susan test remains one of the most difficult 

experiments to be modeled. Future work will be 

devoted to an accurate determination of the failure 

envelop of the material of the cap. Experimental 

validation could be made using 3D digital image 

correlation and measurements of the deformation of 

the projectile. 
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ABSTRACT 

The evaluation of the explosibility of chemical 

substances essentially relies on the use of 

experimental tests according to international 

regulatory schemes (UN Manual of Tests and Criteria 

of the Recommendations on the transport of dangerous 

goods, regulation (EC) N°440/2008). The recent 

evolution of the European regulatory framework 

related to chemicals (REACH, CLP) implies a 

quantity of works incompatible with a complete 

systematic experimental characterization of hazardous 

properties (for reason of time and cost). For example, 

more than 140 000 existing substances could be under 

concern in the registration process of REACH. 

Moreover, the explosive intrinsic property of a 

substance ranks at the top of physico-chemical hazards 

that may be feared from the use of a given chemical. 

So, the development of methods allowing the 

identification of this hazardous property on the basis 

of chemical structures is of great interest not only for 

existing substances but also at the R&D stage in the 

development of new products. 

For these reasons, INERIS has been developing for 

several years predictive models (alternative or 

complementary to experimental approaches) for the 

evaluation of the explosive properties of hazardous 

substances and in particular for nitro compounds. The 

development of these predictive models lies on an 

original method combining the statistical tools used in 

quantitative structure property relationship method 

(QSPR), i.e. multilinear regressions, with quantum 

chemical calculations. Moreover, a strong validation 

process ensures the reliability of models in terms of 

fitting, robustness, predictive power and definition of 

the domain of applicability, according to the 

requirements of OECD for use in regulatory 

framework. 

Recent QSPR models developed for explosive 

properties (e.g. heat of decomposition and impact 

sensitivity) of nitro compounds (e.g. nitroaliphatics, 

nitroaromatics, nitramines) taking into account their 

decompositon process are presented. Once validated, 

models are expected to be used into a global process 

to estimate explosibility hazards of substances (for 

classification purposes) and the need for further 

experimental testing. They can also be used as tools 

for early identification of potential hazards in the 

development of new chemical compositions or in 

substitution studies. 

1. INTRODUCTION 

The quantitative structure - property relationship 

(QSPR) method is a predictive technique used to 

develop a quantitative relationship between a 

macroscopic property and the molecular structure of 

target molecules, characterized by a series of 

molecular descriptors.  If they have been mainly used 

for biological (Winlker 2002), toxicological 

(Bradbury 1995) or pharmaceutical applications 

(Grover et al. 2000) in the past, QSPR models present 

today an increasing interest for the prediction of 

physico-chemical properties (Dearden et al. 2013). 

This interest is even growing with the promotion of 

the development of such alternative methods, for the 

hazard assessment of substances in the new regulatory 

framework related to chemical substances, e.g. the 

European regulations concerning the registration, 

evaluation, authorization and restriction of chemical 

(REACH) (EC 2006) and the classification, labeling 

and packaging of substances and mixtures (CLP) 

(EC 2008). If these dispositions to reduce testing were 

initially devoted to toxicological and ecotoxicological 

properties (reduction of vertebrate animals testing), 

they also concern physico-chemical hazardous 

properties, with the aim to save time and money. 

The explosive intrinsic property of a substance ranks 

at the top of physico-chemical hazards that may be 

feared from the use of a given chemical. If the 

evaluation of the explosibility of chemical substances 

has essentially relied on the use of experimental tests 

for many years according to international regulatory 

schemes, e.g. Globally Harmonized System (GHS) 

(UN 2011) or Transport of Dangerous Goods (TDG) 

(UN 2011), the development of such methods 

allowing the identification of this hazardous property 

on the basis of chemical structures is of great interest 

not only for existing substances but particularly at 

early R&D stage in the development of new products. 

In addition, the recently published Process Safety 

Research Agenda for the 21
st
 century 

(Alkhawaldeh et al. 2001) promotes the development 

of such tools. 
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In this context, INERIS has developed a series of 

QSPR models for the evaluation of the explosive 

properties of hazardous substances (e.g. heat of 

decomposition and impact sensitivity) and in 

particular for nitro compounds (e.g. nitroaliphatics, 

nitroaromatics, nitramines) (Fayet et al. 2011a,b, 

2012, 2013 ; Prana et al. 2012). These models lie on 

the original coupling of statistical tools, commonly 

used in quantitative structure property relationship 

method (QSPR), i.e. multilinear regressions, and 

quantum chemical calculations, allowing taking into 

account the decomposition process of these 

compounds both in the definition of descriptors and in 

the development of the models. These models 

followed a strong validation process to check their 

reliability and clarify their domain of applicability, 

according to the requirements of the Organisation for 

Economic Co-operation and Development (OECD 

2007) for the use of QSAR/QSPR models in 

regulatory framework. 

2. METHODS 

2.1 Quantitative Structure-Property Relationships 

The QSPR approach relies on the principle that similar 

chemical compounds present similar properties. So, 

the method consists in correlating quantitatively an 

experimental property with calculated descriptors of 

molecular structures of target compounds. 

Property = f (Descriptors)  [1] 

The model is developed on an experimental data set. 

These experimental values shall ideally be obtained in 

strictly homogeneous conditions and with high 

accuracy to limit the propagation of errors during the 

fitting process of the model and ensure at best the 

reliability of the final model. 

Various types of descriptors (Karelson 2000) are used 

to characterize the molecular geometric and electronic 

structures of the target compounds: 

• constitutional: related to the presence and 

number of specific features of the molecules, e.g. 

numbers of atoms, bonds, or chemical groups; 

• topological: issued from atomic connectivity, the 

2D structure of the molecule, giving information 

about size, branching degree; 

• geometric: related to the 3D molecular structure, 

e.g. distances, angles, molecular volumes; 

• Quantum chemical: including binding, 

energetic, electronic and thermodynamic 

information, e.g. atomic charges, molecular 

orbital energies, reactivity indices. 

To derive a relationship between the macroscopic 

property under study and appropriate molecular 

descriptors of the target compounds, various data 

mining methods (Gasteiger and Engel 2003) are used 

from the simple statistical linear regression to 

advanced multivariate analyses, e.g. multilinear 

regressions (MLR), artificial neural networks (ANN), 

partial least squares (PLS). In such methods, the 

selection of the most pertinent descriptors is a critical 

task to include the most robust set of descriptors 

regarding not only correlation performances but also, 

overall, chemical meaning for the property under 

investigation. 

To ensure the reliability, the safe use and the 

reproducibility of QSPR models, some rules have to 

be followed. These have been summarized under five 

principles proposed by OECD (2007). 

• Principle 1: a defined endpoint (including 

experimental protocol) ; 

• Principle 2: an unambiguous algorithm; 

• Principle 3: a defined domain of applicability; 

• Principle 4: appropriate measures of goodness-

of–fit, robustness and predictive power; 

• Principle 5: a mechanistic interpretation, when 

it’s possible. 

2.2 Experimental dataset 

To derive accurate QSPR models, the choice of 

experimental data is critical. Indeed, all uncertainties 

in experimental data are propagated in the final model 

during the fitting procedure. For this reason, the 

compatibility between experimental values has to be 

ensured by limiting at best the diversity of protocols in 

the used data set. Indeed, in general, properties, and in 

particular explosibility properties, are influenced by 

experimental parameters, i.e. experimental protocols 

and conditions. 

For this reason, the experimental data used to develop 

each presented model were extracted from single 

references. In particular, the thermal stabilities of all 

nitroaromatic compounds, used to developed the 

models detailed in section 3.2 were gathered from the 

work of Ando et al. (1991) which used a pressure DSC 

apparatus at a heating rate of 10 K.min
−1
 for 1–2 mg 

samples in aluminum cells with a pinhole (i.e. open 

sample cells). 

2.3 Molecular structures and molecular descriptors 

Numbers of descriptors exist and the choice (or 

development) of the most pertinent ones for the 

studied problem is an important task in the 

development of any QSPR model. The use of quantum 

chemical calculations allows to access descriptors 

capable to take into account notably the molecular 

reactivity of chemical compounds.  

The molecular structures of all nitro compounds were 

calculated using the density functional theory (DFT) 

in Gaussian03 package (Frish et al. 2003). Geometries 

were optimized using the PBE0 functional (Adamo 

and Brone 1999) and the 6-31+G(d,p) basis set. 

Vibrational frequencies were computed at same 

calculation level to ensure that all stable species 

presented no imaginary frequency.  
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The obtained molecular structures were then 

characterized by a series of descriptors of the four 

classes of descriptors described previsously 

(constitutional, topological, geometric and quantum 

chemical) using CodessaPro software (2002). Detailed 

definitions and information about these descriptors 

can be found in the book of Karelson (2000). 

Moreover, additional descriptors were also calculated 

as they have been identified as pertinent in previous 

works, e.g. conceptual DFT descriptors (Fayet et al. 

2009a) or to characterize some particular features 

identified in the dataset. Eventually, more than 300 

descriptors were computed for each molecule.  

2.4 Development of QSPR models 

In this paper, most of the presented models were 

derived using the MLR approach. The model obtained 

with such a regression has the following form: 

Y = A0 + A1X1 + A2X2 +· · ·+AnXn   [2] 

where Y is the property to predict, Xi are the 

molecular descriptors and Ai the corresponding 

regression constants.  

One critical task in the development of QSPR models 

consists in selecting the most pertinent set of 

descriptors, to ensure against over-parameterization 

and to allow a chemical interpretation of the different 

descriptors in the model.  

One method used for this descriptor selection step is 

the Best Multi Linear Regression (BMLR) method as 

implemented in the Codessa software (2002). This 

method relies on a stepwise approach. Starting from 

pairs of orthogonal (i.e., not intercorrelated) 

descriptors, higher rank models are computed by 

successively including new orthogonal descriptors as 

soon as an improvement in correlation is observed. 

Then, the algorithm selects the best models at each 

rank, and the final model must be chosen among them. 

The best compromise is searched to reach an optimum 

in correlation performances without any over-

parameterization, which would lead to a loss of 

predictive power for molecules outside of the training 

set. This method has been successfully used for the 

development of various models dedicated to the 

properties of nitro compounds (Fayet et al. 2010, 

2011a,b, 2012, 2013). 

Only one model presented in table 1 was not issued 

from multi-linear regression but from a decision tree 

approach. This method consists in a series of rules 

allowing the classification of molecules in different 

classes, e.g. high or low heat of decomposition, 

depending on the answer to these rules (e.g. more of 

two nitro groups or less). More details on the principle 

and development of such a model are available in the 

corresponding paper (Fayet et al. 2011b). 

2.5 Evaluation of the reliability of QSPR models  

To evaluate the reliability of QSPR models, a series of 

internal and external validation tests are performed. 

The goodness-of-fit is characterized by the coefficient 

of determination (R
2
) between calculated and 

experimental values for the molecules of the training 

set. Moreover, the pertinence of each descriptor in the 

model is checked based on a Student’s t-test at a 95% 

level of confidence. 

Then, the robustness of models is estimated by leave-

one-out and leave-many-out cross-validations 

(denoted Q
2
LOO, Q

2
5CV and Q

2
10CV for the leave-one-

out, 5-fold and 10-fold partitions, respectively). 

Robust models were expected to present Q
2
 values 

close to each other and close to R
2
, demonstrating that 

the fitting of the model did not depend too much on a 

particular molecule or a group of molecules of the 

training set. 

To ensure against any chance correlation,                   

Y-randomization tests (Rücker et al. 2007; 

Lindgren et al. 1996) are also computed. The values of 

properties are randomized 500 times and, at each 

iteration, new models are refitted. These models, 

issued from randomized sets are checked to present 

poor correlations, i.e. low average R
2
 (denoted R

2
YS), 

compared to the original model.  

In a last step, the predictive power of models is 

characterized by external validation on the correlation 

between predicted and experimental values for the 

molecules of the validation set. Different methods can 

be used to divide the original data into a training set 

and a validation set, e.g. based on the distribution of 

property values (Fayet et al. 2011a) or randomly 

(Fayet et al. 2011b). This partition has to efficiently 

divide the data set to have in both sets similar 

distribution in properties and similar repartition in the 

chemical space (in terms of descriptors and structural 

molecular features). The performances of models are 

clarified based on the R²EXT coefficients obtained from 

the predictions on the validation set. Further validation 

of the predictive capabilities of models may also rely 

on the use of additional external coefficients proposed 

in the literature for such purpose (Q²F1, Q²F2, Q²F3 and 

CCC) as summarized by Chirico et al. (2011). 

2.6 Definition of the applicability domain of QSPR 

models 

To allow a correct use of these models, their 

applicability domain (AD) has also to be defined. This 

is the domain in which predictions issued from the 

model can be considered as accurate. In practice, this 

domain is limited, in terms of both the given property 

and the chemical space, by the used training set. 

In terms of property values, the applicability domain is 

limited by the range of property values in the training 

set. A prediction outside this domain could be 

erroneous. 

From the point of view of chemical structures, 

applicability domain is limited by the chemical 

families and the molecular features appearing in the 

training set (presence of particular molecular 

fragments or groups in the molecules). Moreover, the 
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chemical space of the model is defined by 

interpolation based on the descriptors used in the 

model within the training set.  

One method consists in defining the AD based on the 

ranges of values of each descriptor constituting the 

model for the molecules of the training set. The Ambit 

Discovery software (Jaworska and Jeliazkova 2007) 

allows the use of a more sophisticated method by 

including 95% of the molecules of the training set 

based on their Euclidean distance to the mean in the 

descriptors space.  

To the end, all external validation statistics are 

computed again by excluding the molecules of the 

validation set that did not belong to the applicability 

domain of the model. The issued parameters quantify 

the real predictive capabilities of the model in the real 

application conditions. 

3. RESULTS AND DISCUSSION 

3.1 QSPR models developed by INERIS to predict 

explosibility properties 

During the last years, INERIS developed a series of 

QSPR models to predict explosibility properties of 

nitro compounds. In particular, models were 

successfully obtained with good prediction capabilities 

tested on an entire validation scheme, to predict heats 

of decomposition and impact sensitivities of various 

classes of nitro compounds (nitramines, nitroaromatics 

and nitroaliphatics). The best obtained models are 

summarized in table 1 with their performance and 

their agreement with the OECD principles of 

validation.  

Some of these models included quantum chemical 

descriptors to take into account some chemical 

reactivity information in the model, whereas others 

focused on constitutional and topological descriptors 

that do not need any time expensive quantum 

chemical calculations. 

To our knowledge, these models are up to now the 

only existing QSPR models following successfully all 

OECD principles for explosibility properties 

(Dearden et al. 2013). A practical example of 

development for such validated models is proposed in 

the following section for the heat of decomposition of 

nitroaromatic compounds. 

 

Table 1. Summary of the best QSPR models developed by INERIS for the properties of nitro compounds. 

target property and 

compounds 

type of model and 

descriptors 
statistical parameters 

OECD 

principles 
ref 

heat of decomposition 

42 nitroaromatics  

MLR 

all types of descriptors  

R²=0.90 ; Q²LOO=0.86 

R²EXT=0.86 (in AD) 
1, 2, 3, 4, 5 Fayet 2011a 

heat of decomposition 

77 nitroaromatics  

decision tree 

all types of descriptors  

training: 94.5%  

cross validation: 81.8%  

validation: 81.0% (in AD) 

1, 2, 3, 4, 5 Fayet 2011b 

impact sensitivity 

50 nitroaliphatics  

MLR 

all types of descriptors  

R²=0.93 ; Q²LOO=0.90 

R²EXT=0.88 (in AD) 
1, 2, 3, 4, 5 Prana 2012 

impact sensitivity 

50 nitroaliphatics  

MLR 

constitutional 

descriptors 

R²=0.88 ; Q²LOO=0.85 

R²EXT=0.78 (in AD) 
1, 2, 3, 4, 5 Prana 2012 

impact sensitivity 

60 nitramines  

MLR 

all types of descriptors  

R²=0.92 ; Q²LOO=0.89 

R²EXT=0.85 (in AD) 
1, 2, 3, 4, 5 Fayet 2012 

impact sensitivity 

161 nitro compounds  

MLR 

all types of descriptors  

R²=0.82 ; Q²LOO=0.79 

R²EXT=0.75 (in AD) 
1, 2, 3, 4, 5 Fayet 2012 

heat of decomposition 

42 nitroaromatics  

MLR 

constitutional and 

topological descriptors  

R²=0.84 ; Q²LOO=0.79 

R²EXT=0.81 (in AD) 
1, 2, 3, 4, 5 Fayet 2013 
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3.2 Example: QSPR model for the heat of 

decomposition of nitroaromatic compounds 

As highlighted in table 1, various models have been 

developed for the prediction of the heat of 

decomposition of nitroaromatic compounds. After a 

series of preliminary studies aiming to identify the 

pertinent descriptors to be used (Fayet et al. 2009a,b) 

and their level of calculation (Fayet et al. 2010) for a 

limited database of 22 compounds, a larger dataset of 

77 nitroaromatic compounds, extracted from the work 

of Ando et al. (1991), has been used to derive and 

validate accurate QSPR models (Fayet et al. 2011a,b, 

2013). 

The first step of the method consisted in partitioning 

the original data set of molecules into two parts. The 

training set was used to derive the model based on the 

most pertinent set of descriptors and fitted parameters. 

The remaining molecules constituted the validation set 

to evaluate the predictive capabilities of the model. 

The partition of the data set of 77 molecules was 

performed based on the property values with ¼-¾ 

ratio between the validation set and the training set. In 

practice, molecules were ordered by increasing values 

of heat of decomposition and one molecule out of four 

was selected in the validation set (starting from the 

second one). This partition was also checked to 

present no critical bias in terms of chemical features. 

The structures of the 77 molecules have been 

optimized using Gaussian software and more than 

300 descriptors have been calculated notably using 

CodessaPro, as detailed in section 2.3.  

A first multilinear model (Fayet et al. 2011a) was 

computed based on the BMLR method in CodessaPro 

software. Unfortunately, if high correlation was 

exhibited (R²= 0.84) for the 55 molecules of the 

training set, only low predictive capability was 

obtained with R²EXT=0.43 for the 22 ones of the 

validation set. This failure can be explained by the 

complex decomposition process of this class of 

compounds. Indeed, nitroaromatic compounds can 

involve different decomposition mechanisms upon 

their structures. Without any substituent in ortho 

position to the nitro group, nitrobenzene derivatives 

decompose by homolytic dissociation of the C-NO2 

bond (Fayet et al. 2008). However, substituent in ortho 

position can undergo ortho interactions with the nitro 

group leading to a specific decomposition channel like 

in the case of o-nitrotoluene derivatives (Fayet et al. 

2009c). 

To avoid any effect of chemical mechanisms, a new 

model (Fayet et al. 2011a) was developed based only 

on the 31 non-ortho substituted nitrobenzenes of the 

training set, with high capabilities, for which a 

complete validation scheme has been performed. 

 

 

 

-∆H = 0.8 G – 3.8 WPAS1 - 4255.1 Qmax 

+ 26.8 RPCS – 251.2  [3] 

where G is the gravitational index, WPSA1 is the 

weighted positive surface area, Qmax is the maximal 

partial charge and RPCS is the relative positively 

charged surface area. 

This model is completely validated. Indeed, it is 

dedicated to the heat of decomposition as obtained by 

DSC according to the experimental protocol detailed 

in section 2.2 (Principle 1). 

The algorithm is completely defined and all 

parameters in Eq. 3 are clarified including the level of 

calculation used to optimize the molecular structures 

(Principle 2).  

This model is dedicated to nitrobenzene derivatives 

presenting no substituent in ortho position to the nitro 

group. Its applicability domain has been also defined 

based on the chemical space of the descriptors 

included in the model based on the Euclidean method 

with a threshold of 95% in Ambit Discovery software 

(Jaworska and Jeliazkova 2007) (Principle 3). 

Concerning the performances of the model 

(Principle 4), a series of internal and external 

validation methods have been applied. At first, it 

demonstrates a good correlation for the molecules of 

the training set with R²=0.90. Then, the cross-

validation approach was applied with both leave-one-

out (LOO) and leave-many-out (LMO) schemes. The 

issued Q² coefficients present stable values 

(Q²LOO=0.86; Q²5CV=Q²10CV=0.87), close to R², 

demonstrating the robustness of the model. Moreover, 

no chance correlation is revealed by the Y-

randomization test. Indeed, as highlighted in Figure 1, 

all models issued from randomized data present low 

correlations. 

 

Figure 1. Correlation (R²) of the models issued 

from Y-randomization vs. the correlation between 

the randomized and original data (R²random) 
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Figure 2. Predicted vs. experimental heats of decomposition for Eq. [3] 

 

The predictive capabilities of the model are 

demonstrated for the 11 non-ortho substituted 

nitrobenzenes of the validation set as shown in 

Figure 2, with R²EXT=0.86 in the applicability domain. 

Moreover, a series of additional coefficients was 

computed to characterize its predictive performances: 

Q²F1=Q²F2=0.83, Q²F3=0.94 and CCC=0.89.  

Last but not least, this model also answers Principle 

5. At first, the data set has been limited to compounds 

decomposing through the same decomposition channel 

as clarified by theoretical studies (Fayet et al. 2008, 

2009c). Moreover, the descriptors included in the 

models are pertinent from a chemical point of view. 

Indeed, G characterizes the mass distribution of the 

molecule. WPSA1 and RPCS are charged partial 

surface area descriptors, developed to encode the 

features responsible for the polar interactions between 

molecules. Nevertheless, these last descriptors are 

related, in a certain way, to the distribution of charge 

within the molecule, which is very influenced by nitro 

groups. Therefore, they are indirectly related to the 

properties of this group, which is central for the 

decomposition of nitroaromatic compounds. 

More recently, for the same database of non-ortho 

substituted nitrobenzene derivatives, new models were 

developed without using any quantum chemical 

calculations (Fayet et al. 2013). In particular, an 

accurate model has been developed and validated by 

using only constitutional descriptors: 

-∆H = -594.5 + 2381.6 ndb,rel + 306.5 nNO2 - 791.4 nO,rel 

+ 83.4 nconj    [4] 

where ndb,rel and nO,rel are the relative numbers of 

double bonds and oxygen atoms, respectively, and 

nNO2 and nconj are the numbers of nitro groups and 

conjugated bonds, respectively. It has to be noticed 

that nitro groups contain two conjugated bonds. 

This model also follows all OECD principles. In 

particular, it demonstrated high performances in terms 

of correlation, robustness and predictivity as detailed 

in table 2 (Principle 4). It has to be noticed that, to 

ensure at the simplicity of the application of the 

model, AD was simply defined on the ranges of values 

for each descriptor of the model among the molecules 

of the training set (Principle 3). 

If the model based on constitutional descriptors (in 

Eq. [4]) is slightly less predictive than the quantum 

chemical one (in Eq. [3]) with R²EXT=0.81 and 0.84, 

respectively, Eq. [4] presents the advantage to need no 

quantum chemical calculation and it can be used more 

easily based on the 2D structure of the molecule. 

 

 

Table 2. Summary of the performances of the constitutional model in Eq. [4]. 

fitting R²=0.84 

internal validation 

cross validation: Q²LOO=0.79; Q²10CV=0.80; Q²5CV=0.78 

Y-scrambling: no chance correlation 

external validation in AD: R²EXT=0.81; Q²F1=0.81; Q²F2=0.80 ; Q²F3=0.93 ; CCC=0.89 

 



Fayet and Rotureau 

 7

EGC 2013 

4. CONCLUSION 

Since several years, INERIS has been developing 

predictive models for the prediction of hazardous 

physico-chemical properties using an original 

approach based on QSPR methods and quantum 

chemical approaches. In particular, efforts have been 

dedicated to the prediction of explosibility properties 

of nitro compounds using a validated methodology to 

ensure the transparency, reproducibility and reliability 

of the developed models in agreement with the OECD 

principles for the use of QSAR/QSPR models in a 

regulatory framework. 

Two models developed for the heat of decomposition 

of nitroaromatic compounds were detailed. Both of 

them reached a high accuracy validated on a series of 

internal and external validation tests (Principle 4) 

based on a data set of compounds issued from a single 

experimental protocol (Principle 1). Algorithms of the 

models are unambiguous (Principle 2) and their 

applicability domains are clearly defined (Principle 

3). Finally, both of them include descriptors that are 

chemically pertinent, notably related to the presence 

and to the properties of nitro groups (Principle 5).   

INERIS models are, to the best of our knowledge, the 

first examples of QSPR models satisfying all OECD 

principles for hazardous physico-chemical properties. 

A first model, for the prediction of the impact 

sensitivity of nitroaliphatic compounds 

(Prana et al. 2012), will be even soon implemented in 

the OECD/ECHA QSAR toolbox (2013). 
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ABSTRACT 

A DDT process from conductive burning to 

detonation was considered. By introducing the 

conductive burning process into the classical DDT 

model, a physical model of transition process from 

low speed conductive burning to detonation was 

proposed. The transition process from slow burning to 

detonation in HMX granular bed with 85% loading 

density was simulated. The development of 

conductive burning, convective burning and 

detonation was analyzed. In the early stage of 

combustion the combustion propagation rate was very 

slow. It forward no more than 0.2mm within 8.16ms. 

After onset of convective burning, it took just 20µs to 

form a steady detonation with a velocity of 8165m/s. 

The time to detonation increases with the decrease of 

particle diameter and ignition pressure. 

1. INTRODUCTION 

Deflagration to detonation transition (DDT) is an 

important character of explosives and very 

complicated. Bernecker et al (1985) summarized that 

DDT consist of seven stages. They are pre-ignition, 

conductive burning, convective burning, compressive 

(hot-spot) burning, shock formation, compressive 

burning, and detonation. The whole seven stages do 

not appear in all DDT process. Depending on the 

explosive type, binding strength or ignition condition, 

some stages might be dominant and the others not 

obvious. So far, the numerical simulation of DDT is 

mainly based on the two-phase mixture model. The 

BN Model of Baer and Nunziato (1986) and PSK 

Model of Powers et al (1990) are the examples. 

Numerical studies on the DDT process are mainly 

based on the two-phase mixture models. The model 

allows for unbalanced phase velocities and phase 

temperature, and includes source terms for drag and 

convective heat transfer.  

Combustion of solid energetic materials contains 

two modes (Jackson 2010). In pristine materials, the 

heat generated by combustion pass thought heat 

conduction to the unreacted materials. This mode is 

known as conductive burning. If the materials contain 

a lot of pores, the burning will penetrate into the voids, 

resulting in a more rapid burn rate than simple 

conductive burning. This mode is known as 

convective burning.  

To form convective burning, hot product gases 

must penetrate the explosive porosity and ignite the 

walls of porosity. The penetration and ignition mostly 

depend on the risen gas pressure of conductive 

burning. Under weak shock or low strain rate 

stimulation, such as low-pressure flame, hot wire or 

low-velocity impact, the combustion of explosives 

almost starts with conductive burning. From the 

perspective of explosive safety studies, this stage 

should be important. In this paper, we intend to study 

the low-speed DDT process from conductive burning 

to detonation in granular explosives by numerical 

simulation. 

2. NUMERICAL SIMULATION 

2.1 Physical model 

Based on the PSK model, the one-dimensional 

two-phase model equations are given as follows: 
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Here the subscripts 1 and 2 denote variables of 

the gas and the solid. The subscript o refers to the 

initial state. ρ is the density, u the velocity, p the 

pressure, T the temperature, λ the thermal 

conductivity,  φ the volume fraction, E (=e+u
2
/2) the 

total specific energy, e the specific internal energy, 

qchem the heat of combustion, µc the compaction 

viscosity, n the particle number density. 

In addition, Γ is the rate of gas generation due to 

combustion, Γ=ρ2φ2r is for conductive burning, 

Γ=6ρ2φ2r/d for convective burning. If T2<Tig, Γ=0. 

Here d is the particle diameter, r is the particle 

regression rate of solid explosive, Tig is an ignition 

temperature. D=4µ1(u1-u2)fpg/d
2
 is the drag force due 

to relative motion of gas and solid phase. Where µ1 is 

the gas viscosity, fpg=φ2/φ1
2
(276+5(Re/φ2)

0.87
) is a 

dimensional drag coefficient and Re is the Reynolds 

number. Q=6φ2(T1-T2)hpg/d is the convective heat 

transfer between gas and solid. Here 

hpg=0.65kgRe
0.7

Pr
0.33

/d is a heat transfer coefficient, 

and kg is the gas thermal conductivity, Pr the Prandtl 

number. 

Equations of states (EOS) for gas-phase in JWL 

form (Dong et al 2012) and for solid-phase obtained 

from the Helmholtz free energy (Baer and Nunziato 

1986) are given below: 

1 10 1 2 10 1/ /

1 1 1 1

R R

v
p Ae Be c T

ρ ρ ρ ρ

ωρ
− −

= + +                [9] 

1 10 1 1 10 1/ /

1 1 1

1 10 2 10

R R

v

A B
e e e c T

R R

ρ ρ ρ ρ

ρ ρ

− −

= + +    [10] 

2

2 2

2 2 20

20 20

2 ( ) [( ) 1]
NT

K
p C T T

N

γρ ρ

ρ ρ
= − + −           [11] 

2

2 2 20 20

20

2 2
( ) [( ) 1]e T T TC C

ρ
γ

ρ

= − − −             
1 202

20 20 2

[( ) ( 1)(1 ) 1]
( 1)

NT
K

N
N N

ρρ

ρ ρ ρ

−

+ − − − −

−

[12] 

Under weak shock or low strain rate stimulation 

the combustion of explosives starts with conductive 

burning. When the transition from conductive to 

convective burning occurred is very important to the 

simulation. To form convective burning, the flame 

must penetrate the explosive porosity. Margolin and 

Chuiko (1966) derived a simplified and approximate 

criterion based on previous works to study whether 

penetration of a single pore by hot gas will result in 

ignition. 

2 2

2

*( )pr
C

An d An
ρ

λ
= ≥             [13] 

Where r is the regression rate of explosive and dp 

the pore diameter. The number An is referred to as the 

Andreev number. It is similar to the Peclet number. 

An>1 indicates that the convective process is 

dominant relative to the conductive process. The 

convective burning forms when An exceeds a critical 

value An*. From a collection of experimental data for 

various explosive powders, Margolin and Chuiko 

determined An*= 6. While the Andreev criterion was 

initially developed for a single pore, it has been tested 

more extensively for porous beds, using an effective 

dp estimated from permeability measurements 

(Jackson 2010). To the porous bed fill with spherical 

gains we adopted dp=2dφ1/3φ2. 

2.2 Simplification of conductive burning 

Conductive heating is much slower than 

convective heating in the combustion of explosives. 

The time scale of numerical simulation might conflict 

between conductive and convective burning. So the 

two processes were separated in our simulation. 

For the conductive burning, the interaction terms 

D and Q vanished. Experiments (Son et al 2000, 

Glascoe et al 2010) showed that the regression rate of 

solid explosive obeys the empirical formula r=ap1
m
 

well, where a and m are constant parameter. we could 

catch the conductive burning front without solving the 

heat conduction equation. A level set function ψ(x) 

was introduced to tracing the conductive burning. The 

ψ(x) defines the signed distance to the burn front. That 

is, ψ(x)=0 on the front, ψ(x)=-|δ| in the gas production 

zone, and ψ(x)=|δ| in the unreacted zone. Here |δ| is 

the distance from point x to the burn front. The 

evolution equation could be written as 

0r
t x

ψ ψ∂ ∂
+ =

∂ ∂
                        [14] 

A further estimate of the run distance of 

conductive burning in DDT was made. For granular 

HMX explosive with 100µm-diameter and 85% 

loading density, the pore diameter dp is on the order of 

10µm, the thermal diffusivity λ/ρC 10
-7
m

2
/s. The 

regression rate r transition to convective burning is 

about 0.06m/s according to the Andreev criterion. The 

time and spatial scales of DDT experiments (Wen et al 

2007, Wang and Wen 2009) are on the order of 50ms 

and 500mm. Then the conductive burning distance is 

less than 3mm. The run distance of conductive 

burning is very short. So the gas production assumed 

in equilibrium in conductive burning process, that is ρ, 

p, u, and T are constant.  

 

Fig.1 Schematic of conductive burning 
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Fig.1 shows a schematic of conductive burning. 

The burn front located at X1 at the time of t1, and at 

X2 at the time of t1. The evolution of gas characters 

are: 

2 1

1 2 1 1 1 1 2 2 2 1
( )( )

t t

o o o o
X X X Xρ ρ ρ φ ρ φ− = + −    [15] 

2 2 1 1

1 1 2 1 1 1

t t t t
e X e Xρ ρ− =                                               

1 1 1 2 2 2 2 2 2 1
( )( )

o o o o o o o o chem
e e q X Xρ φ ρ φ ρ φ+ + −  [16] 

The compaction effect of conductive burning on 

the unreacted area of the explosive is ignored due to 

the low pressure and short run distance. The 

temperature profile for steady heat conduction in 

explosive is 

2 2 2

( ) exp ( )
o s o

r
T T T T x

C
ψ

λ ρ

= + − −
 
 
 

       [17] 

Here Ts is the temperature at the burn front. If 

ψ(x)=0, T=Ts; If ψ(x)→∞, T=To. The ratio (λ/ρC)/r 

represents the thermal penetration depth. In this paper 

it is less than 10µm. So the temperature in unreacted 

area is assumed to be constant. 

2.3 Numerical method 

The main challenge in the numerical simulation 

of the two-phase DDT model is the method of 

capturing the strong discontinuity in the field. Most 

commonly used numerical methods are based on 

Riemann solution. To avoid the complicated course in 

constructing Riemann solvers, the CE/SE scheme was 

introduced to discretize the DDT equations. The 

CE/SE method originally proposed by Chang (1995) 

provides a new way to solve the hyperbolic 

conservation equation. It satisfies both local and 

global flux conservation in space and time and needs 

simple treatments of boundary conditions. The 

numerical scheme is given below in brief. 

For one-dimensional conservation equation  
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the CE /SE discrete scheme is 
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Where j is the spatial number, n is the temporal 

number. Ux and Ft denote spatial and temporal 

gradients of the variables. The other gradients, such as 

Fx, Ut and Ft, could be calculated by the chain rule 

and conservation equations. 

2.4 Results and discussions 

Using above physical model and numerical 

method, the DDT process in a 200mm long granular 

HMX packed to 85% density with 100µm-diameter 

particles was calculated. The numerical grid consisted 

of 500 uniform nodes. The physical parameters were 

φ1=0.15, T1=300K, ρ1=1kg/m
3
, φ2=0.85, d=100µm, 

T2=300K, ρ2=1890kg/m
3
, a=2.9×10

-9
mPa

-1
s

-1
, m=1, 

λ2=0.345Wm
-1
K

-1
, qchem=5.84×10

6
J/kg, Tig=450K, 

µc=1000kgm
-1
s

-1
. The EOS parameters were  

A=220.3GPa, B=15.4GPa, R1=4.5, R2=1.5, ω=0.28, 

Cv1=2400Jkg
-1
K

-1
, γρ2=2100kg/m

3
, Kt=13.5GPa, 

N=9.8, C2=1050Jkg
-1
K

-1
. A high gas temperature zone 

over a short distance of 0≤x≤20mm was assumed to 

ignite the explosive. That is φ1=1.0, T1(x,0)=1000K 

and p1(x,0)=0.8MPa when 0≤x≤20mm. 

Fig.2 shows the temporal and spatial gas pressure 

in DDT process. After ignition at left, the conductive 

burn rate is very low, the pressure rose very slow. This 

process retained a relatively long time. After about 

8.16ms, the onset of convective burning occurred 

when An exceeds the critical value. The explosive 

burn rate became significantly fast. It caused a sharp 

rise in pressure. In a very short time a steady 

detonation formed. Fig.3 and Fig.4 are the partially 

enlarged view of the pressure profile. Fig.3 shows the 

transition process from conductive to convective 

burning. The pressure slowly increased due to the 

small conductive burn rate. The explosive porosity 

was penetrated by flame after the pressure exceeded 

about 30MPa. The onset of convective burning 

occurred. The gas pressure near the burn front rapidly 

increased. Fig.4 shows the transition process from 

convective burning to detonation. Following the onset 

of convective burning, the combustion rate increased 

with gas pressure, continued pressurization occurred 

and a steady detonation with a peak pressure of 38GPa 

formed at last. Fig.5 shows the burn front propagation 

during DDT process. In the early stage of combustion 

the combustion propagation rate was very slow. It 

forward no more than 0.2mm within 8.16ms. After 

onset of convective burning, it took just 20µs to form 

a steady detonation with a velocity of 8165m/s. 

 

Fig2. Temporal and spatial gas pressure during 

DDT process 
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Fig3. Gas pressure during the transition from 

conductive to convective burning 

 

Fig4. Gas pressure during the transition from 

convective burning to detonation 

 

Fig.5 Burn front propagation during DDT process 

To study the effects of porosity and ignition 

intensity during combustion, the combustion process 

with different particle diameter and ignition pressure 

were calculated further. Fig.6 shows the burn front 

propagation and peak gas pressure with different 

particle diameters during DDT process. The time to 

detonation increases with the decrease of particle 

diameter. In this paper the pore diameter of granular 

bed was assumed to be dp=2dφ1/3φ2. The pore 

diameter decreases along with the particle. The 

decreased pore is more difficult to penetration. So the 

transition from conductive to convective burning 

needs more time. When the particle diameter 

decreases from 200µm to 10µm, the transition time 

increases from 6.6µs to 13.5µs, and the critical 

pressure increases from 15MPa to 300MPa. Fig.7 

shows the burn front and peak gas pressure with 

different ignition pressures. The time to detonation 

increases from 0.95ms to 8.16ms with the decrease of 

ignition pressure from 20MPa to 0.8MPa. The critical 

pressure of the onset of convective burning is the same 

to a certain explosive. The higher the ignition pressure 

is, the faster the combustion grows. Because the 

conductive burn distance is very short, the run 

distance to detonation does not change obviously.  

 

 

Fig.6 (a) Burn front propagation and (b) peak gas 

pressure at various particle diameters 

 

 

Fig.7 (a) Burn front propagation and (b) peak gas 

pressure at various ignition pressures. 
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3. CONCLUSIONS 

The low-speed DDT of granular explosives was 

analyzed. The CE/SE method was extended to solve 

the partial differential equations. The transition 

process from conductive burning to detonation in 

HMX packed to 85% density was simulated. The 

development of conductive burning, convective 

burning and detonation was analyzed. The effects of 

particle diameter and ignition pressure on the 

transition behavior were discussed. The time to 

detonation increases with the decrease of particle 

diameter and ignition pressure. The run distance to 

detonation does not change obviously. 
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ABSTRACT 
Shear has been identified as an ignition mechanism in 
explosives, but modelling this mechanism with 
hydrocodes poses considerable challenges. In a 
complementary approach, a novel ad-hoc analytical 
model of the shearing and consequent reaction of an 
explosive is developed. The goal is to gain insights 
into the physical and chemical processes at work in 
this ignition mechanism. In particular, the means by 
which thermo-mechanical coupling can give rise to a 
reaction in an explosive is investigated. The explosive 
is modelled as a purely plastic incompressible 
material. The equations of plastic flow are solved, 
which enables the calculation of the dissipation field 
in the explosive. A simple one-step Arrhenius reaction 
is used to predict the heating of the explosive due to 
the reaction stimulated by the temperature rise 
associated with the dissipation. For two explosives, 
HMX and PETN, the model is used to calculate the 
rise in temperature of the explosive as shearing 
proceeds until the critical temperature for the 
explosive is reached and thermal runaway results. The 
results agree with the observed relative sensitivities of 
the explosives. 

1. INTRODUCTION 
Safety is always of prime importance in the handling, 
processing and storage of explosives. Mechanical 
insults, resulting from low speed impact, that cause 
shear in an explosive, have been identified as a 
possible ignition source. For example, Field et al. 
(1992) have considered the various hot-spot 
mechanisms for explosives and propellants and 
include adiabatic shear bands as a likely mechanism. 
Their review covers earlier work on this mechanism, 
including the substantial paper by Afanas’ev and 
Bobolev (1971). 

Modelling the effects of shear with numerical 
continuum mechanics codes, such as finite element or 
finite difference models, typically poses severe 
problems of mesh resolution and distortion. A recent 

study of impact-induced friction ignition of an HMX 
explosive using finite element modelling by Lee Perry 
et al. (2010) is a prime example of the very high 
resolutions required but appears to manage the 
problem, doubtless with the usual trade-off between 
accuracy and cost in computational resources and 
time. 

However, in an alternative approach an ad-hoc 
analytical model on similar lines to the work presented 
by the author (2012) last year on pinching of explosive 
is presented here. The aim is to give insights into the 
physical and chemical processes at work while 
hopefully avoiding the issues with the numerical codes 
at the cost of making some simplifying assumptions. 
The model addresses the thermo-mechanical coupling 
which gives rise to the reaction in an explosive. A 
two-dimensional idealized shear configuration is 
studied. This simple geometrical configuration has the 
advantage of offering mathematical tractability. The 
work has its origins in the original work of Lee 
(1987), who proposed that it is the rate of supply of 
energy to the explosive that is critical in determining 
its response – an idea taken forward by him and co-
workers in subsequent publications (2005, Curtis et al. 
2010). Indeed those authors briefly explored the topic 
of shear in the latter paper, but did not address the 
self-heating by the reaction as has been done in this 
paper. 

Other workers have addressed shear. Chawla and Frey 
(1978) postulated that macroscopic deformation of the 
confinement may influence the initiation process. 
Hydrocode calculations were done for situations 
where a high velocity bullet impacts on the confined 
explosive. The material models comprised a Mie-
Gruneisen equation of state, a deviatoric constitutive 
relationship, a yield criterion, and a failure criterion 
for each material. The authors concluded that plastic 
deformation can be an important mechanism for 
explosive heating. They noted that in situations where 
the shock is weak and the explosive does not initiate 
shortly after impact, the possibility of it doing so due 
to the plastic deformation at a later time cannot be 
discounted. In a poorly conducting explosive they 
postulated that the heat generated by this mechanism 
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might be sufficient to produce one or more hot spots, 
which could trigger initiation. 

Chou, Liang and Flis (1991) investigated three 
reaction-rate models: Forest Fire, Arrhenius and a 
combined Forest Fire and Arrhenius, incorporated in 
the hydrocode DEFEL. Simulations with this code for 
PBX-9404 explosive for bare and covered explosives 
by fragment impact were made. For explosives with a 
thick cover plate, the code results show macroscopic 
shear initiation, as proposed by Howe et al. (1981). 
Arrhenius models have been used by Cook and 
Haskins (1997) in many studies of impact on 
explosives. 

Starobin and Dienes (2006) have modelled a sheared 
viscous layer, including computation of ignition times. 
Thus their work addresses the fluid-like behaviour of 
the explosive. Since HMX is known to behave as a 
visco-elastic visco-plastic solid it is likely that a model 
combining and extending both their work and the 
approach described here will ultimately be needed to 
capture the behaviour of this explosive well. There is 
copious work on adiabatic shear bands of inert 
materials. A recent work containing many references 
that may assist in achieving an enhanced model is that 
by Zhou et al. (2006). 

As in the previous work on pinch by the author 
(2012), in this paper a solution based on the equations 
of incompressible plastic flow is sought. A shear band 
occupying the region by 0  is considered, where 

y  is the vertical Cartesian co-ordinate in an  zyx ,,  
system. The analysis proceeds by making the 
assumptions that the horizontal velocity component is 
linear in y , that the vertical velocity component is 
zero, and that the horizontal velocity component is 
zero on 0y  and constant on by  . With these 
assumptions, an expression for the rate of mechanical 
dissipation is derived from the governing field 
equations supplemented by the boundary conditions. 
Just as in Curtis (2012) this rate takes the same value 
everywhere in the explosive. The temperature rise in 
the explosive is calculated using this rate and 
assuming (for now) simple Arrhenius kinetics to 
represent the self-heating resulting from the reaction 
of the explosive. Adiabatic conditions are assumed – 
heat conduction is neglected (again for now). 

The model is used to investigate the response of PETN 
and a HMX-based explosive at different shear rates 
and different initial temperatures. The time when 
thermal runaway commences is determined in each 
case. Just as with the pinch model, the new model 
offers a potential means of assessing the likely 
sensitivity of an explosive relative to other explosives. 
The predictions it can make may prove useful in 
making comparisons with thermo-mechanical 
hydrocodes. Potential enhancements of the model are 
discussed. 

2. EXPERIMENTAL 
At present only qualitative experimental data is 
available for comparison with the model. Drop weight 
tests have been undertaken at the Cavendish 
Laboratory, Cambridge University by Field and co-
workers (1974, 1982). Small pellets of PETN and 
HMX-based explosive of diameter 5 mm and height 
0.5 -1 mm were sandwiched between glass blocks. 
The sandwich was supported from below and were 
impacted from above by a 5 kg drop weight released 
from a height of 1 m. Photography was used to 
identify potential ignition mechanisms. One such 
mechanism seen in PETN was ignition in shear bands. 
Field et al. (1982, 1992) comment that the heating 
localized in the shear plane is presumably the reason 
that reaction initially spreads more rapidly in that 
direction than at right angles to it. 

Evidence for the relative sensitivity of explosives to 
impact insults is offered by the standard tests 
described by Lee in the text edited by Zukas and 
Walters (1998). In particular for the impact tests 
described it is shown that PETN is more sensitive to 
mechanical insult than HMX-based explosives. 

3. MATHEMATICAL MODEL 

3.1 Plastic Flow Formulation  

Let t  be time,   be density,  wvu ,,  be velocity 

components in the  zyx ,,  directions, and  is the 
stress tensor, with subscript pairs denoting the 
appropriate components. 

The equations of momentum conservation in the 
Cartesian co-ordinates are: 

zyx

z
uw

y
uv

x
uu

t
u

xzxyxx









































, [1] 

zyx

z
vw

y
vv

x
vu

t
v

yzyyyx










































, [2] 

zyx

z
ww

y
wv

x
wu

t
w

zzzyzx









































. [3] 

The Levy-Mises equations of plastic flow are: 
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where   is a multiplier to be determined. 

The addition of [4], [5] and [6] recovers the familiar 
equation of mass conservation. The von-Mises yield 
criterion is 
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where Y is the yield strength. Equations [1]-[10] are 
10 field equations in the ten 
unknowns  ,,,,,,,,, xzyzxyzzyyxxwvu . 

The following velocity field, representing a steady-
state shear deformation in progress in a shear band of 
width b , is assumed: 

0,0,  wv
b

Uyu .  [11] 

Here U is the speed difference across the shear layer. 
The geometrical configuration of this shear 
deformation is shown in Fig. 1. This assumed shear 
deformation enables an analytical solution of 
equations [1]-[10]. 

Equations [1]-[3] inclusive become simply: 
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Figure 1: Simple shear deformation modelled. 

Equations [7] and [11] imply that 

xyb
U

6  .   [15] 

For the existence of a shear deformation it must follow 
that 0 . Equations [8] and [9] imply that 

0yz  ,   [16] 

0xz  .   [17] 

From equations [10], [16] and [17] the von-Mises 
yield criterion reduces to 
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From equations [4]-[6] it follows that 

zzyyxx   .  [19] 

From equations [18] and [19] it then follows that 

223 Yxy   ,   [20] 

so that 
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From equation (15) it follows that 
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Equation [12] reduces to 
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Similarly equation (13) reduces to 
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and equation [14] reduces to 

0



z
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 .   [25] 

From equation [19] used in conjunction with equations 
[23]-[25] inclusive it follows that 

.constpzzyyxx    [26] 

The rate of dissipation is given by 

xyxyD  2  ,   [27] 

where xy  is the x-y component of the rate-of-strain 
tensor. This is evaluated as 

y
u

xy 



2
1 .   [28] 

Hence 

3b
YUD  .   [29] 

Note that D  is constant and takes the same value 
everywhere in the explosive for the idealised example 
of shear considered. Compressibility effects will cause 
departures from the above solutions for the velocity, 
stresses, and deformation. It is nonetheless instructive 
to explore the interaction of the mechanical heating 
with the chemical reaction in the explosive, which is 
addressed next. 

3.2 Thermal Model  
Having calculated the rate of mechanical dissipation in 
the explosive we may consider the heating due to this 
and also the self heating due to a chemical reaction. It 
is assumed that the reaction proceeds according to 
simple single step Arrhenius kinetics. It is further 
assumed that conduction is negligible, so that 
adiabatic heating is occurring. 

A prescribed initial temperature 0T  is specified at 

time 0t  and the time-dependent temperature  tT  
increases with the progressing reaction and heating 
from the dissipation. 

The first governing equation is: 

   








tRT
EA

dt
d exp1 


 , [30] 

representing the single step reaction, where  t  is 
the extent of reaction ranging from 0 (unreacted) to 1 
(fully reacted), A  is the constant pre-exponential 
factor, E  is the activation energy, and R  is the molar 
gas constant. The second equation is the equation of 
conservation of energy, namely 

D
dt
d

dt
dTCV 


  , [31] 

where   is the specific heat of the reaction. 

If it is presumed that the reaction has not commenced 
initially then 

  .00     [32] 

Equation [31] can be integrated to yield 

0
3

TC
b
YUtTC VV   . [33] 

Thus  tT  may be determined immediately after 
solution of the single equation [30]. 

4. RESULTS AND DISCUSSION 
To date two explosive materials have been simulated: 
a HMX-based PBX explosive and PETN. The 
explosive properties used in the simulations are given 
in Table 1 and are identical with those used in (Curtis, 
2012). The other data used in the simulation are given 
in Table 2. 

Table 1: Explosive properties. 

Explosive 
Property 

HMX-Based 
Explosive 

PETN 

Activation 
Energy E  
J/mol 

2.200 × 105 1.966 × 105 

Molar Gas 
Constant R  
J/kg/K 

8.314 8.314 

Pre-
Exponential 
Constant A  s-1 

5.011872336 
× 1019 

6.309573445 
× 1019 

Density   
kg/m3 

1800.0 1700.0 

Specific Heat 

Vc  J/kg/K 
1255.2 1090.0 

Heat of 
Reaction   
J/kg 

5.02× 106 6.38 × 106 

Yield Strength 
Y  MPa 

16.0 200.0 
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Table 2: Other simulation parameters. 

Simulation Parameter Value 

Speed Difference Across 
Shear Layer U m/s 

0.01 

Width of Explosive Shear 
Layer b  mm 

25.4 

Start Time 0t   0.0 

Initial Temperature 0T  K 298.0 – 523.0 

 

The responses of HMX and PETN are calculated 
using the parameters presented in Tables 1 and 2. It is 
supposed here that the same shear deformation is 
applied to each explosive. It is believed that this is a 
sensible basis for comparison. In an accident scenario, 
it is likely that the strengths of the explosive will be 
much less than those of the materials causing the 
deformation, i.e. that the strain will be imposed and 
that the mechanical feedback from the explosive will 
be negligible until a significant reaction occurs. Since 
it is the understanding of whether an event occurs that 
is sought, this is considered a reasonable approach. 

Figure 2 shows the time at which thermal runaway, 
defined as the time when the self-heating exceeds the 
mechanical dissipation, occurs for the two explosives. 
Plainly this time is everywhere greater for HMX than 
for PETN so the latter is the more sensitive by this 
criterion, the analogous result to that found for pinch 
by the author (2012). 
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Figure 2: Time at which thermal runaway occurs 
in HMX and PETN as a function of 
temperature. 

It is promising that, even with the various simplifying 
constitutive assumptions and the simplest kinetics 
model used here, the relative sensitivities of the HMX-
based and PETN explosives are correctly predicted. It 
is planned to investigate more realistic constitutive 
models, hopefully without recourse to large scale 
computation. It is also planned to consider improved 
Arrhenius kinetics models, such as that of McGuire 
and Tarver (1981), also used by Cook and Haskins 
(1997). 

At present there is no treatment of friction in the 
analysis. This would inevitably lead to variation of the 
dissipation as a function of position, with heightened 
values where shear is induced by the friction. The 
current model assumes the homogeneity of the 
explosive so that the reaction progresses uniformly 
throughout the explosive. However, it is known that in 
reality local hot-spots occur and are the origins of 
significant reactions. 

It is believed that the shear deformation shown in 
Figure 1 is not sustained across the bulk of the 
explosive for long but is replaced by the evenly spaced 
shear bands as observed by Heavens and Field (1974). 
This may be as a result of small perturbations causing 
localized heating thereby softening the explosive and 
causing preferential shear in the vicinity. It may be 
that the granular nature of the material is the cause. 
Note that, because of the form of the dissipation given 
by equation [29], the total rate of dissipation in the 
shear band per unit area in the x-z plane takes the 

value 3/YU . This is independent of the shear band 
width b . It follows that (in this simplified model)  the 
total rate of dissipation in a set of shear bands where 
the sum of the speed differences in the x-direction is 
U will have the same total dissipation as a single bulk 
shear deformation with the speed difference U . It is 
thus apparent from this simple mathematics that 
multiple shear bands offer a means of localizing the 
heating by mechanical dissipation, or in other words 
are a potential hot-spot mechanism. Of course the 
formation of such a set of shear bands must be time-
dependent and the steady-state formulation presented 
here will require modification in a more rigorous 
treatment. 

It is hoped to explore these issues in subsequent work. 
Whatever the nature of the localized physics, it is 
believed that the mathematical model presented here 
sheds light on the physics of ignition in shear bands, 
whatever the scale of these. 

It is planned to attempt to compare and contrast the 
current work with recent work at LLNL and AWE by 
Reaugh and co-workers (2010 (Apr.), 2010 (Nov.), 
Curtis et al. (2011)) on a mechanical pressure and 
shear dependent ignition criterion. 

5. SUMMARY AND CONCLUSIONS 
An analytical model of the ignition of an explosive by 
shearing has been developed. As in the author’s 
previous work on pinch, the deformation of the 
explosive has been assumed to be by perfectly plastic 
incompressible flow under adiabatic conditions. The 
reaction of the explosive has as yet been modelled 
with a simple Arrhenius Law. The heating of the 
explosive by the mechanical dissipation due to the 
shear deformation and by self heating due to the 
reaction have both been calculated. A fast-running 
explicit numerical model with a variable time-step has 
been implemented. The model has been applied both 
to an HMX-based explosive and to PETN. It predicts 
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the generally accepted relative sensitivities of these 
two explosives to mechanical insult: the PETN is 
again much the more sensitive explosive, just as for 
pinch. For a given relative difference in speed across 
the shear layer the time required to reach the thermal 
runaway point with ignition of the explosive has been 
found as a function of the initial temperature. For 
higher initial temperatures less time is needed for the 
runaway to occur. 

Future developments of the model will attempt to 
include the representation of compressibility effects, 
the allowance of more general deformations, the 
improvement of the material model (including phase 
change effects), the inclusion of frictional effects, the 
inclusion of a treatment of hot-spots, and the 
improvement of the Arrhenius kinetics model. How 
far it will be possible to progress with the analysis in 
these directions is not yet clear. However, the effort to 
do this seems worthwhile in view of the potential gain 
in understanding of the complex physical processes at 
work, which hopefully will inform the improved use 
of, and refinement of, the hydrocodes. 
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ABSTRACT 

The materials after their formation may slowly 

decompose during storage even under ambient 

conditions. The monitoring of this process is difficult 

because often the reaction progress changes only in 

the range say from 1E-10 till 1E-2 i.e. till the 1%. The 

aging, leads sometimes to hardly observable reaction 

progress (called throughout this study as αstorage) which 

occurs in the time lap between sample synthesis and 

the moment of the beginning of any thermal 

experiment. Its rate depends not only on the external 

conditions but is also influenced by the intrinsic, 

kinetic parameters of the decomposition process of the 

sample. The aim of this study is to discuss the 

influence of the αstorage value on the thermal properties 

of the materials illustrated by the change of the shape 

of the DSC curves and the shift of the position of their 

TDSCmax values. Simulations were performed for 

various f(α) functions, namely first order F1, 

nucleation controlled Avrami-Erofeev A4, the general 

autocatalytic (first-order reaction with autocatalysis, 

Kamal-Sourour, KS). The thermal aging, changing the 

value of αstorage from 1E-10 through 1E-5 till 1E-3 

(decomposition progress of 0.1% only), results in 

severe changes of the thermal behavior of materials 

which decomposition has autocatalytic character and 

has no observable impact in the case of reactions 

proceeding according to n-th order kinetics. In the 

simulations, the maximum of DSC peak for the 

sample having the reaction progress of 1E-10 at the 

moment of the thermal decomposition can appear at a 

temperature which is e.g. 20K higher than the 

maximum of DSC peak of a more aged sample with 

αstorage = 0.1%. On the other hand, the aging does not 

influence the course of the decomposition described 

by n-th order kinetics. For evaluation of the influence 

of the αstorage value on the course of reaction and, 

further, on the simulations of the thermal behavior of 

the materials we propose a simple test which requires 

only two different non-isothermal runs with identical, 

arbitrarily chosen heating rate. The goal of this test 

consists in controlled, artificial aging of the sample, 

reflecting the minor changes of reaction progress 

during sample storage.  

1. INTRODUCTION  

One cannot exclude that the materials after their 

formation may slowly decompose during further 

storage even under ambient conditions, however, the 

thermal history of the sample after its synthesis has 

not been considered yet as an important factor during 

the kinetic predictions and simulations of the thermal 

behavior of the materials. Rate of thermal aging, 

resulting in sometimes hardly observable reaction 

progress occurring in the time laps between sample 

synthesis and the moment of the beginning of any 

thermal experiment, depends on two factors: (i) the 

intrinsic properties of substance such as its kinetic 

triplet (pre-exponential factor A, activation energy E 

and the form of the function f(α) dependent on the 

decomposition mechanism (where α represents the 

reaction progress)) and (ii) time and temperature of 

the storage. Both these factors may in different ways 

influence this, unknown for user, small change of the 

reaction progress occurring during storage, called 

throughout this paper as αstorage. All presented results 

indicate that the decomposition progress of the 

materials at the beginning of any thermal treatment 

must be considered as an important parameter, beside 

commonly applied kinetic triplet, during prediction of 

the sample properties.  

Our former results (Roduit et al. 2011) have shown 

that the application of the correct kinetic function f(α) 

is of great importance. In presented paper we discuss 

the peculiarities of the often applied autocatalytic 

models (Varhegyi at al 2012). We present the 

simulations showing how the thermal aging of the 

sample influences its thermal behavior depending on 

the f(α) model applied. The simulations were done for 

the materials in mg - (as e.g. during DSC 

experiments), kg- (as e.g. during the determination of 

the cookoff ignition temperature, Self Accelerating 

Decomposition Temperature SADT, etc.) and ton- 

scales (as e.g. when determining Time to Maximum 

Rate TMRad for various initial temperatures).  
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2. SIMULATION OF INFLUENCE OF ααααSTORAGE 

ON THE THERMAL BEHAVIOUR OF 

MATERIALS  

In order to illustrate in more details the influence of 

the αstorage on the course of the decomposition and its 

dependence on the form of the f(α) function we 

performed the simulations for three commonly applied 

functions:  

- First-order reaction  F1 with f(α) = 1-α. 

- General autocatalytic model: first-order reaction 

with autocatalysis (Sourour and Kamal, 1976) (KS) 

equation f(α) = (1- α)(Z+α) with Z = k1/k2 and dα/dt 

= k2 f(α) which consists of two reactions: primary 

decomposition with k1 in which the catalytically 

active product is formed being followed by the 

autocatalytic reaction with k2. Note that if Z = k1/k2 

~ 0 then KS model can be simplified to commonly 

used Prout-Tompkins  (PT) model (Prout and 

Tompkins, 1944). 

- Nucleation controlled Avrami-Erofeev model A4 

with f(α) = 4(1- α)[-ln(1- α)]
3/4

 which is 

characterized by the sigmoidal-type dependence in 

coordinates α-time under isothermal conditions 

similar to those observed in autocatalytic reactions. 

The total time of decomposition of a sample required 

for its full decomposition (α = 1) is the sum of its 

storage time denominated as tstorage and the time of the 

experimental decomposition texp necessary to complete 

the reaction (see Equation 1). In summary, the end of 

the storage time tstorage when the sample reaches αstorage 

corresponds to the time of beginning of any 

experiment which amounts to texp. We can write: 
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∫
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The simulations were carried out using AKTS-

Thermokinetics Software (2012) and their results are 

depicted in Figure 1. This figure shows the influence 

of the αstorage value (ranging from 1x10
-10

 to 1x10
-1

) on 

the thermal behavior of the sample in mg-(DSC), kg-

(SADT and slow cookoff) and ton-(TMRad24h) scales. 

∆T marked on curves display the influence of aging 

(i.e. the influence of change of αstorage) on the chosen 

thermal properties. 
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Figure 1: Influence of ααααstorage on the thermal 

behavior in mg- (TDSCmax for heating rate of 5 

K·min
-1

 from 20°C), kg- (SADT and cookoff) 

and ton-scale (TMRad24h) for the 

autocatalytic reaction expressed by KS with 

Z ~ 0 (i.e. PT) (top), A4 (middle) and first 

order F1 models (bottom) simulated for A = 

1 x 10
10 

s
-1

, E = 100 kJ·mol
-1
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For the simulations the following input parameters 

were applied: A = 1 x 10
10

  s
-1

,  E = 100 kJ·mol
-1

 (with 

Z ~ 0 for KS-model), heating rate of 5 K·min
-1

 from 

20 °C (DSC), ∆Hr = -500 J·g
-1

, Cp = 1.8 J·(g·K)
-1

, λ = 

0.3 W·(m·K)
-1

, h = 5 W·m
-2

·K
-1

, sample mass 50 kg 

(SADT) and 1 kg cookoff. The details of simulations 

of SADT, cookoff, and TMRad24h are described in our 

papers (Roduit et al., 2008) or more recently by 

Dellavedova et al. (2012), respectively. 

Depicted results confirm that the change of αstorage 

from 1 x 10
-10

 to 1 x 10
-2

 (1 % of the decomposition) 

leads to the drastic variation of all thermal properties 

in the case of autocatalytic reactions and has no 

influence of the thermal behavior of the samples 

decomposing according to the first order reaction 

model. For the nucleation controlled reaction A4 the 

influence of the αstorage values on the properties is 

observable, however, it is smaller than in autocatalytic 

reaction. The change of αstorage from  1 x 10
-10

 to 1 x 

10
-2

 results in decreasing temperature of the DSC peak 

by 25.5; 4.8 and almost 0 K for KS (with Z~0), A4 

and F1 models, respectively. By this αstorage variation,  

the change of SADT amounts to 23; 6 and 0 K, the 

change of the cookoff ignition temperature amounts to 

28; 9.1 and almost 0 K and the temperature at which 

the sample reaches the TMRad24h decreases by 29.8; 

10.8 and 0 K for KS, A4 and F1 models, respectively.  

In daily life, the αstorage value is unknown for the user, 

therefore, nobody can interpret for the investigated 

substance the dependences shown in Figure 1. 

However, the results presented in Figure 1 clearly 

illustrate that the controlled thermal aging of the 

sample, resulting in formation of the sample having 

larger αstorage, may be used as a tool allowing 

determination of interesting properties of the 

materials.  

For determination of the dependence of the thermal 

properties of the materials on the αstorage value we 

propose the simple AKTS test which requires only 

two non-isothermal runs with identical, arbitrarily 

chosen heating rates. The goal of this test consists in 

controlled, artificial aging of the sample, reflecting the 

minor changes of the reaction progress during sample 

storage. In other words, the test allows comparison of 

the thermal properties of the same sample having, 

however, in two following experiments, slightly 

different αstorage values. The scheme of the test is 

displayed in the Figure 2. The difference between the 

temperature of peak maxima (Tmax1 and Tmax2) and 

final temperatures of decomposition (Tf1 and Tf2) 

measured in the 1-st and 2-nd run indicate the 

influence of the αstorage value on the reaction course. 

The values of αstorage at room temperature for the 1-st 

(point A) and 2-nd run after aging (point D) have been 

denoted in the following test as αstorageA and αstorageD, 

respectively. 
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Figure 2: Temperature ramps (top) applied for 

determination of the influence of ααααstorage on 

the thermal properties of the sample 

(bottom). 

The proposed test requires two experiments: 

(1) Conventional thermoanalytical run (here displayed 

in the form of the reaction rate as a function of the 

temperature) performed with generally used heating 

rate of e.g. 5 K·min
-1

 from the room (RT) till the final 

temperature (Tf) when the reaction is completed. This 

temperature ramp is depicted by points ABC, the 

αstorage value at point A is denoted as αstorageA and 

represents the reaction progress of the sample at the 

moment of the beginning of the thermal 

investigations.  

(2) Second run (ABDE) is performed with a new 

sample possessing, as in (1), the αstorageA at the 

beginning of the experiment. The run is stopped at the 

temperature of Ton1 (ramp AB). This temperature is 

conventionally determined according to ICTAC 

nomenclature as the temperature at which the line 

drawn through the almost linear section of the 

ascending peak slope intersects the base line. At Ton1 

(point B), the temperature is decreased to the RT (till 

point D) with the same rate as during heating. Finally, 

the sample with larger decomposition progress named 

as αstorageD is heated with previous heating rate till the 

full decomposition (ramp DE). 

The magnitude of the change of the position of 

TDSCmax (depicted as ∆T in the bottom plot, Figure 2) 

is a measure of the influence of αstorage on the thermal 

behavior of the sample. The kinetic parameters of both 

samples, having at the beginning of the experiments 
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the αstorage values represented as points A and D (see 

Figure 2, top plot), are the same (or very similar). In 

this situation, the shift of the position of the DSC peak 

(and change of other parameters in kg- or ton scales) 

is due to the change of the αstorage value. This 

important observation indicates that, for the prediction 

of the thermal behavior of the materials beside the 

commonly used kinetic triplet, the αstorage value has to 

be additionally introduced. The results of the 

simulations of the thermal properties during proposed 

test are displayed in Figure 3. 

The results of the proposed test (Figure 3) show that 

after additional thermal aging which changes the 

reaction progress to αstorageD (see top plot in Figure 2) 

the position of TDSCmax shifts to significantly lower 

temperatures for autocatalytic reactions (KS with Z~0 

i.e. PT, top plot) and stays unchanged for n-th order 

models (F1). The samples with very small values of 

αstorageA laying in the range 1x10
-10 

till 1x 10
-5

 are fully 

decomposed during the ramp BD for the autocatalytic 

reactions (KS, top plot). The arrows display the 

change of TDSCmax after proposed test for the sample 

decomposed in 1 % (i.e. αstorageA = 1x10
-2

) at the 

beginning of the thermal experiment in case of KS and 

A4 models, respectively. Presented simulations 

indicate that one can relatively easy check the 

influence of the aging process on the thermal behavior 

of the materials. This influence is especially notable 

for the materials with very small decomposition 

progress i.e. for those with very small, 

immeasurable αstorage values. However, even in the 

case of samples being already decomposed during 

storage till 1 %, the AKTS test will allow detecting 

that during prediction of their properties additionally 

to the kinetic parameters also the αstorage has to be 

introduced into simulation procedure. The arrows 

placed in Figure 3 illustrate that sample having at the 

beginning of the thermoanalytical experiment the 

reaction progress of 1 % (αstorageA value of 1x10
-2

) will 

after test lower its TDSCmax value by 19.8 or 12.4 K for 

KS and A4 models, respectively.  

It is necessary to underline that for materials 

decomposing with n-th order kinetics, even moderate 

changes (below 10 %) of the reaction progress during 

storage do not influence their thermal behavior. The 

data presented in Figures 1 and 3 show that such 

materials do not change their thermal properties in mg, 

kg and ton scales in a noticeable way even when 

reaching the αstorage values of 1x10
-2

. This observation 

partly explains the lack of considerations of the role of 

αstorage in simulations of the thermal properties of the 

materials. The large majority of the published results 

were based on the assumptions that the reaction is of 

the n-th order (as e.g. first-order F1) and in 

mathematical treatment of experimental data these 

model functions were mainly applied even if a 

reaction presents an autocatalytic behavior. The results 

of our simulations clearly indicate that for n-th order 

models, the αstorage has no influence on the reaction 

course and further thermal properties of the materials.  
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Figure 3: Change of the position of TDSCmax on the 

simulated DSC curves during proposed test 

as a function of initial value of ααααstorageA and 

the form of f(αααα) function. 

However, for reactions presenting strong autocatalytic 

behavior, this additional parameter is of great 

importance during predictions based on the 
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application of the kinetics. Its neglecting may lead to 

the dangerous overestimation of the safety parameters. 

The decomposition progress during storage in the 

range of only 1% may lead in the autocatalytic 

reaction to enormous lowering of SADT temperature 

(in our simulation by 23 K) or changing the safety 

diagram by lowering by 30 K the temperature at which 

the TMRad amounts to 24 h. 

3. SIMULATION OF THE MATERIALS AGING 

AT REAL CLIMATE CONDITIONS 

The results of simulation of the influence of the αstorage 

value on the predicted course of the reactions under 

non-isothermal conditions shown in Figures 1 and 3 

indicate that even small changes of the reaction extent 

may significantly influence the thermal behavior of 

the materials decomposing autocatalytically. On the 

other hand, this relationship is much less significant 

for other reaction models or, in the case of n-th order 

models as in often used first-order kinetics, even 

negligible. In order to illustrate these dependences 

under real climate conditions, which are important 

from the practical point of view, we present the 

simulated data for the meteorological temperature 

profile of Riyadh, Saudi Arabia. The simulations of 

the reaction progress of the material decomposing 

according to KS and F1 models (with the same 

simulation parameters as those applied in Figure 1) 

and stored respectively about 10 years (PT) and 100 

days (F1) in Saudi Arabia are presented in Figure 4. 

During storage, the material is aged, note the 

increasing reaction progress in time, after ca. 9.5 y 

(PT) and 97.5 d (F1) the α amounts to ca. 0.1 

(decomposition degree of 10 %). This continuous 

change of the reaction progress influences the material 

properties which we show in Figure 4 presenting the 

results of the simulation of: 

(i) The temperature of the peak maximum of the DSC 

signal (TDSCmax) under non-isothermal conditions 

(from 20 °C, heating rate of 5 K·min
-1

) (mg-scale), 

(ii) The Self Accelerating Decomposition Temperature 

(SADT) applied during the transport or storage of 

dangerous chemicals (kg-scale), 

(iii) The ignition temperature of slow cookoff (applied 

in defence) (kg-scale),  

(iv) The initial temperature resulting in a Time to 

Maximum Rate under adiabatic conditions of 24 h - 

TMRad24h (ton-scale). 

Simulation of the thermal behavior of the sample 

decomposing autocatalytically, possessing very small 

reaction progress (αstorage value = 1 x 10
-10

 ) at the 

moment of the beginning of its thermal aging under 

real climate conditions, clearly depicts the significant 

variation of the parameters characteristic for the 

material in all, mg-, kg-, and ton- scales. For KS (or 

PT with Z~0) model after ca. 9.5 y of storage in the 

climate of Saudi Arabia the reaction progress α 

amounts to c.a. 10 % and TDSCmax, SADT, cookoff 

ignition temperature and TMRad24h decrease by 34.1 

K, 32 K, 41 K and 44.1 K, respectively (see Figure 4, 

top). However, the storage at the same conditions of 

the samples decomposed according to the first order 

kinetics has no influence on their thermal behavior: 

despite the same reaction progress α (even if it 

amounts to 10 %, see Figure 4, bottom) all thermal 

properties stay unchanged.   

 

Figure 4: Simulation of the thermal behavior of the 

material decomposing according to 

autocatalytic (top) and first order kinetic 

models (bottom) during storage in Saudi 

Arabia. The plots show daily temperature 

fluctuations (T) in Riyadh, Saudi Arabia, 

reaction progress αααα, DSCmax, SADT, cookoff 

ignition temperatures and TMRad24h as a 

function of the storage time. 
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The results of both simulations, namely in constant 

heating rate mode and under real climate 

temperatures, confirm our conclusions that the state of 

the substance (characterized by αstorage value) at the 

moment of the beginning of thermal experiment or its 

exposure to daily-life temperatures has to be seriously 

considered. It must be taken as an important 

parameter, beside commonly applied kinetic triplet, 

during prediction of the sample properties. 

4. CONCLUSIONS 

Results of our simulations indicate that the initial 

decomposition of the materials at the moment of the 

beginning of any thermal treatment (called as αstorage) 

may have a significant impact on the thermal behavior 

in mg-, kg- and ton-scales. This influence depends 

significantly on (i) the reaction model describing the 

kinetic of thermal decomposition process and on (ii) 

the progress of the sample decomposition (i.e. the 

αstorage value) at the beginning of the experiment. The 

largest impact is observed for “fresh” substances with 

low αstorage values and for autocatalytic reactions, for 

samples decomposed according n-th order kinetics this 

influence is negligible.  

Determination of the importance of αstorage value on 

the course of reaction and, further, on the simulations 

of the thermal behavior of the materials, can be easily 

checked by the simple AKTS test which requires only 

two non-isothermal runs with identical, arbitrarily 

chosen heating rates. The goal of this test consists in 

controlled, artificial aging of the sample, reflecting the 

minor changes of reaction progress during sample 

storage.  

For reactions presenting strong autocatalytic behavior, 

the knowledge of αstorage value is of great importance 

during kinetic predictions. Its neglecting may lead to 

the dangerous overestimation of the safety parameters. 

The decomposition progress during storage in the 

range of only 1 % may lead in the autocatalytic 

reaction to enormous lowering of SADT (in our 

simulation by 23 K) or severe changes of the safety 

diagram by lowering by 30 K the initial temperature at 

which the TMRad amounts to 24 h. 

Our simulation results have been confirmed by 

experimental results performed on various chemicals 

and energetic materials including multistep overlapped 

decomposition reactions. These experimental results 

will be briefly outlined during the presentation and 

presented in a forthcoming paper. 
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ABSTRACT 

The paper deals with measurement of wall velocities 

of emulsion explosive charges using basic photonic 

Doppler velocimetry. The effect of charge diameter 

and wall thickness on velocity profile and terminal 

wall velocity was examined. Detonation velocity was 

measured simultaneously using fiber optic probes 

coupled with electronic counter. For testing purposes, 

we decided to use calcium nitrate/ammonium nitrate 

based emulsion explosive confined in aluminum alloy 

tubes. The results are useful for both characterization 

of the explosive and improving its blasting output. 

1. INTRODUCTION 

Wall velocity of the explosive charge can be measured 

discontinuously by electrical contact pins or viewed 

directly using high-speed streak camera (Sućeska, 

1995). These methods suffer from lack of resolution 

and can be hardly used to measure initial stages of 

expansion. Continuous measurement of radial 

expansion of the charge casing can be accomplished 

with VISAR (Hereil, et al., 2000). Nowadays, 

photonic Doppler velocimetry (PDV) technique 

proved to be useful tool for cylinder test 

instrumentation (Manner, et al., 2012). Compared to 

VISAR, it provides simple operation and less service 

demands at lower overall cost. The cost of consumable 

items can be further reduced using bare fiber probes 

(Strand, et al., 2008). 

Terminal wall velocity is a velocity of charge casing at 

an infinite distance, assuming zero energy losses. 

Ability of an explosive to accelerate the surrounding 

medium can be expressed using Gurney constant 

(
GE2 ). It can be calculated using terminal wall 

velocity and charge geometry parameters (casing mass 

M and charge mass C) via the Gurney equation for 

cylindrical charge: 
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2. EXPERIMENTAL 

2.1 Materials 

Emulsion explosive used for this study was selected 

on the basis of previous research of various mixtures. 

The composition of the mixture is summarized in 

table 1. Emulsion explosive was prepared in a lab 

scale. Aqueous phase constituents were mixed 

together in a beaker and dissolved at 95°C. Oil phase 

components were mixed in a bowl and a planetary 

mixer was switched on. Aqueous phase was then 

poured by a thin stream into the bowl. Mixing was 

continued for 5 minutes while the translucent W/O 

emulsion was formed. Plastic hollow microspheres 

(1 weight part per 100 parts of the matrix) were then 

mixed with the emulsion matrix at room temperature 

using the planetary mixer at the speed of 40 rps. 

Charges were filled with emulsion explosive and 

density was determined from the charge weight and 

dimensions.  

Commercial grade tubes made of wrought aluminum 

alloy AW-6060 were used as a charge casing. Except 

aluminum, the alloy contains also silicon, iron, 

magnesium and a trace amount of few other elements 

according to the European standard EN 573-3. The 

internal diameter of the tubes was 18, 26 and 46 mm 

at wall thickness of 2 mm. In case of 26 mm tubes, 

wall thicknesses of 1 and 3 mm were also used. The 

length of tubes was 200 mm in all cases. 

Table 1: Composition of the emulsion explosive 

Component Content (%) 

ammonium nitrate 45.1 

calcium nitrate tetrahydrate 43.1 

water 6.8 

Paramol R2 (fuel) 3.0 

Lubrizol 2724 (emulsifier) 2.0 

 

2.2 Measurement setup 

Measurement of wall velocities was performed using 

single channel basic PDV with reference signal taken 

from the probe back reflection (Strand, et al., 2005). 

The measurement setup consisted of laser emitter, 

circulator, detector and oscilloscope (4 GHz, 

25 GS.s
-1
). Laser module operating at wavelength of 
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1550 nm was used. The laser is limited in its power 

output to 40 mW. The real power output used for 

testing was 36 mW at the laser which corresponds to 

22 mW at the probe tip. Loses were caused by 

attenuation in cables, connections and in the 

circulator. Bare fiber probes were placed 

perpendicularly to the charge casing wall, 60 mm from 

the charge end, in a distance not exceeding 6 mm and 

20 mm from the charge surface in case of initial 

expansion and distant measurements, respectively. 

Using this measurement setup, we were not able to 

measure initial stage of expansion and terminal wall 

velocity simultaneously. Detonation velocity was 

measured simultaneously using plastic fiber optic 

probes coupled with electronic counter operating at 

50 MHz. Probes were introduced into the explosive 

charges through holes drilled in the casing at 10 and 

110 mm distance from the charge end. Probe tips were 

treated with aluminum tape in order to shield light 

preceding the reaction front and thus ensuring 

activation by the passing shockwave only. The scheme 

of the whole measurement setup is shown in figure 1. 

 

Figure 1: Scheme of measurement setup 

 

3. RESULTS AND DISCUSSION 

Wall velocity data from PDV probe were treated using 

short-time Fourier transform (STFT) to obtain velocity 

vs. time curves. Wall velocity profiles of initial stage 

of tube expansion are shown for charges with different 

wall thickness (w) and different charge diameter (d) 

on figure 2 and 3, respectively. Parameters of tested 

samples are shown in table 2. In the table, ρ is the 

charge density and D is the detonation velocity. The 

terminal wall velocity (TV1) values were obtained by 

extrapolation of measured wall velocity profiles with 

first order exponential decay curves using SciDavis 

software and corresponding values of Gurney constant 

were then calculated using equation [1]. The average 

value of 
GE2 = 1314 ± 47 m.s

-1
 was obtained using 

those extrapolated terminal velocities. 

Table 2: Summary of initial expansion samples  

no. d w ρ D TV1 M/C GE2  

 mm mm g.cm
-3

 m.s
-1

 m.s
-1

  m.s
-1

 

1 26 1 0.96 3790 1400 0.449 1364 

2 26 1 0.96 3950 1410 0.449 1374 

3 26 2 0.94 3850 1140 0.952 1374 

4 26 2 0.94 n/a 1110 0.952 1337 

5 26 2 0.94 3690 1060 0.952 1277 

6 26 2 0.94 3990 1040 0.952 1253 

7 26 3 0.95 4020 910 1.463 1275 

8 26 3 0.94 3930 960 1.479 1350 

9 46 2 0.95 3990 1250 0.516 1260 

10 46 2 0.95 4120 1270 0.516 1280 

11 18 2 0.94 3750 980 1.418 1357 

12 18 2 0.95 3840 920 1.404 1269 

 

 

Figure 2: Wall velocity profiles of charges with various wall thickness at 26 mm charge diameter 
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Figure 3: Wall velocity profiles of charges with various diameters at 2 mm wall thickness 

In order to check extrapolated terminal velocities, 

distant measurements were done using another set of 

charges with 2 mm wall thickness with the probe tip 

placed 20 mm from the charge surface (table 3). In 

this case, wall velocity record starts (t = 0 µs) when 

the expanding wall is first seen by the fiber probe and 

ends when the fiber probe is destroyed. It can be seen 

from the figure 4, that the wall velocity is approaching 

the maximum value. The end values of the records 

were therefore used as terminal velocities (TV2). The 

average value of Gurney constant obtained using 

distant measurement was 
GE2 = 1484 ± 37 m.s

-1
 

which is approximately 13 % more than the above 

calculated value.  

Table 3: Summary of terminal wall velocity 

measurements 

no. d ρ D TV2 M/C GE2  

 mm g.cm
-3

 m.s
-1

 m.s
-1

  m.s
-1

 

13 46 0.95 4470 1470 0.516 1482 

14 46 0.95 4150 1440 0.516 1451 

15 26 0.97 4230 1210 0.922 1443 

16 26 0.97 4150 1310 0.922 1556 

17 18 0.94 3880 1080 1.418 1496 

18 18 0.95 3860 1070 1.404 1476 

 

 

Figure 4: Terminal wall velocity records 

Detonation velocity dependence on the charge 

diameter was also examined for charge with 2 mm 

wall thickness. Although detonation velocities exhibit 

large scatter, it can be seen that there is some increase 

in the velocity towards larger charge diameters. It can 

be supposed, that the ideal detonation velocity at an 

infinite diameter is about 4200 m.s
-1
. Detonation 

velocity dependence on reciprocal charge diameter is 

shown in figure 5. 
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Figure 5: Detonation velocity dependence on the 

reciprocal charge diameter 

4. CONCLUSIONS 

Wall velocities of emulsion explosive charges were 

measured using bare fiber probes and basic photonic 

Doppler velocimetry. The effect of charge diameter 

and wall thickness on velocity profile and terminal 

wall velocity was examined. Gurney constant 

calculated on the basis of extrapolated initial 

expansion results was found to be 13 % lower than 

that obtained using distant terminal velocity 

measurements. 
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ABSTRACT 

In this paper two theoretical approaches for solubility 
assessment of cellulose nitrates of different degrees of 
substitution with plasticizers possessing -ONO2, -
NNO2, -N3 groups were used. It is shown, that joint 
application of two approaches, as well as the account 
of plasticizers molar volume allows raising accuracy 
of the miscibility prediction of the given blends. 

1. INTRODUCTION  

Now a large number of plasticizers which can be 
applied in nitrocellulose energetic materials are 
synthesized. In order to perform their function, the 
plasticizers must be completely miscible with the 
polymer to ensure the stability of material phase 
structure during handling, storage and operation. 

In this work the solubility assessment of cellulose 
nitrates of different degrees of substitution with 
energetic plasticizers possessing nitrate ester (-ONO2), 
nitramine (-NNO2) and azide (-N3) groups was 
performed using two theoretical approaches. One 
approach is based on the Hildebrand regular solution 
theory and is known as the concept of solubility 
parameter (David D.R. and Sincock T.F. 1992). 
Another approach is based on the analysis of the 
surface forces arising at immersion of a polymeric 
material in plasticizers (Askadskii A.A. et al 1990, 
Askadskii A.A. 2012). 

2. THEORY AND METHODS 

Accordingly to the Hildebrand theory the solubility of 
substances is observed, if they have close values of 
solubility parameters δ. The solubility parameter (the 
cohesive energy density) is introduced as 
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where ∆E
о – the cohesive energy, V – the substance 

molar volume. 

Therefore, the parameter β=(δ1 – δ2)
2
→0, where δ1, δ2 

– solubility parameters of substances 1 and 2 of two-
component system, can be considered as criterion of 
their solubility. This approach is widely used also for 

mixtures of molecules of unequal size and especially 
for polymer solutions in spite of the fact that has the 
low accuracy connected with assumptions of 
Hildebrand theory. Experience shows, that when 
δ1<<δ2 or δ1>>δ2 it is possible to predict firmly the 
insolubility, in the cases when δ1≈δ2 the solubility is 
uncertain. 

In this work cellulose nitrates and plasticizers 
solubility parameters were obtained using the method 
proposed by Askadskii A.A. and Matveev Y.I. (2003). 
The method is based on the account of cohesive 
energy contributions of atoms and chemical groups 
present in chains repeat unit of polymer or in 
molecules of plasticizers, and also on the account of 
molecular packing: 

∑
∑
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2
δ   [2], 

where ∆Е
*

i – the contribution of each atom and type of 
intermolecular interaction i into the general value of 
cohesive energy; NA – Avogadro value; ∆Vi – van der 
Waals volumes of i-th kind atoms. Quantities of ∆Е

*
i 

and ∆Vi are tabulated (Askadskii A.A. and Matveev 
Y.I. 2003). 

Feature of a dissolution problem is that it is necessary 
to consider not only a chemical structure, but also the 
supramolecular structure of polymer. In the reports 
(Askadskii A.A. et al 1990, Askadskii A.A. 2012) the 
criterion of miscibility between polymer and a low 
molecular weight liquid, based on the analysis of the 
surface forces arising at immersion of a polymeric 
material, having the concrete supramolecular 
structure, in solvent (plasticizer) has been proposed. 
At the analysis of a solubility problem authors started 
with a globular supramolecular polymer structure.  

The physical sense of this solubility criterion is the 
following. In the moment of immersion of polymer (a 
powder or a film) in solvent the border between firm 
body (globula) and a liquid is formed. Formation of 
unit of such surface includes the work of adhesive 
wetting Wа=γp+solv-(γp+γsolv). This work causes 
occurrence of the forces acting on the globula and 
depending on size and a kind of surfaces curvature. 
One of these forces aspires to press globula to polymer 
due to a positive curvature of a globula surface. 
Another force causes unwedging action in a place of 
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connection of globula to polymer due to a negative 
curvature. This force leads the separation of the 
globula from other part of the polymer sample. But as 
soon as such separation occurs and the globula 
translates in solvent, there is a fresh surface of 
another, before closed globula. It also undergoes 
wetting by solvent with the same forces emergence.  

Both conditions are necessary to happen for separation 
of a globula and its translation in a phase of solvent. 
First – the force enclosed from solvent on separation 
should be more than the force causing pressing of a 
globula to material; second – the work made by forces 
of a surface tension of solvent, should exceed energy 
of break of intermolecular interactions in a place of 
connection of a globula to material.  

The solubility condition of the polymer having 
globular supramolecular structure in plasticizer within 
a preliminary swelling is given as 

µ < 1.374Ф(Ф-(Ф
2
-1+а)

1/2
)  [3]. 

Here µ = δ
2

p/δ
2

pl, where δp, δpl – solubility parameters 
of polymer and plasticizer; 1.374 – empirical factor; 
the value Ф is received from an equation: 

Ф=4(VplVp)
1/3

/(Vpl
1/3

+ Vp
1/3

)
2               [4], 

where Vp and Vpl – molar volumes of polymer (per a 
repeat unit) and plasticizer. 

Value а – the attitude of an interphase tension in 
polymer/plasticizer system γpl+p to a surface tension of 
plasticizer γpl:  а=γpl+p/γpl. The interphase tension is 
defined as follows: 

γpl+p= γpl+ γp-2Ф(γplγp)
1/2   [5], 

where γp - a surface tension of polymer. 

Condition of solubility of polymer having a fibrillar 
supramolecular structure is more rigid: 

µ < 1.125Ф(Ф-(Ф
2
-1+а)

1/2
)         [6]. 

The coefficients of substances surface tension can be 
used both experimental and calculated. The most 
extensively used way to calculate the coefficients of 
surface tension of liquids and polymers is the additive 
scheme (Van Krevelen D.W. 1972) based on addition 
of parahors, describing the contribution of atoms in 
molecule to a surface tension: 
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where Pi – parahors of each atom in molecule. 

Experimental check of the given criterion of solubility 
has been lead by authors (Askadskii A.A. et al 1990) 
on an example about 300 systems polymer/solvent, 
including polar components. Solubility is proved 

experimentally in approximately 85 % of cases under 
the followed conditions [3]. At performance of a 
condition δpl≈δp, solubility, as a rule, is observed, 
when a surface tension of solvent close to a surface 
tension of polymer; then the interphase tension is 
small and а in the inequality [3] also gets small values. 
Increase of value Ф(Ф-(Ф

2
-1+а)

1/2
) is promoted also 

by equality of molar volumes of polymer and solvent.  

Thus, in our opinion both these approaches are useful 
for increase the accuracy predicting of 
polymer/solvent (plasticizer) systems solubility. Close 
values of solubility parameters, coefficients of surface 
tension and molar volumes of polymer and solvent 
(plasticizer) involved can serve as criteria of their 
similarity. 

3. RESULTS AND DISCUSSION 

Solubility parameters and coefficients of surface 
tension of cellulose mono-, di- and trinitrates and the 
various energy plasticizers were obtained from 
equations [2] and [7], as reported in Table 1. In the 
Table 1 plasticizers of various classes are located by 
way of increase of nitrogen atoms quantity in 
molecules and increase in molecular weight.  

As can be seen for nitroxyalkanes, 
nitroxyalkylnitramines, alkylnitramines the increase in 
quantity of polar -ОNO2 and -NNO2 groups in 
molecules of plasticizers leads to cohesive energy 
considerable increasing. Van der Waals volume of 
molecules simultaneously grows. However we can 
observe the increase in solubility parameter δ value 
which depends both on the energy and volumetric 
factors. With increase in molecular weight of 
plasticizer at the same number of polar groups δ 
naturally decreases. The δ of cellulose di- and 
trinitrates (24.23 and 22.33 (J/cm3)1/2, accordingly) fall 
in wide interval of δ of the  plasticizers under study 
(from 20.09 to 25.77 (J/cm3)1/2). 

For azidoalkanes and azidoalkylnitramines δ varied 
from 26.30 to 31.38 (J/cm3)1/2. Value of cellulose 
mononitrate δ (26.39 (J/cm3)1/2 is close to the bottom 
border of this interval. The higher values of the 
calculated solubility parameters of azides explains by 
more essential contribution of cohesive energy in 
comparison with the volumetric contribution, which is 
related to the presence of strongly polar and small 
azide groups.  

In figure 1 dependence of β=(δpl – δp)
2, calculated for 

each pair polymer/plasticizer according to values in 
Table 1, on a cellulose nitrates degree of substitution 
is shown. As it has been noted above, the substances 
solubility is less probable when the β values strongly 
differ from zero. The analysis of the received 
dependence shows, that for plasticizers of some 
nitroxyalkanes, nitroxyalkylnitramines and 
alkylnitramines (Figure 1а,b) two different kinds of β 
dependence are observed. In most cases (plasticizer № 
1, 3-6, 9-11, 13-17) β monotonously decreases at 
transition from cellulose mono- to di- and trinitrate. 
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Table 1: Cellulose nitrates and plasticizers characteristics 

№  Substance Formula 

Molecu-
lar 
weight 
(g/mol) 

Density 
(g/cm3) 

Molar 
volume V 
(cm3/mol) 

∑∆Е*i 
(J/mol) 

∑∆Vi 
(Å3) 

Solubi-
lity para-
meter δ 
(J/cm3)1/2 

Coeffi-
cient  
of surface 
tension γ 
(dyn/cm) 

Сellulose nitrates 

 
Cellulose 
mononitrate 

[C6H7O2(OH)2(ONO2)]n 207* 1.657 124.92 62714 149.45 26.39 51.84 

 Cellulose dinitrate [C6H7O2(OH)(ONO2)2]n 252* 1.674 150.54 59105 167.07 24.23 36.72 
 Cellulose trinitrate [C6H7O2(ONO2)3]n 297* 1.69 175.74 55494 184.7 22.33 28.48 
Nitroxyalkanes 

1 
1-Nitroxypropane 
C3H7NO3 

CH3CH2CH2ONO2 105.1 1.054 99.72 21946 88.42 20.30 18.42 

2 EGDN C2H4N2O6 O2NOCH2CH2ONO2 152.1 1.492 101.94 32672 96.24 23.74 22.89 

3 
1,2-
Dinitroxypropane 
C3H6N2O6 

CH3СН(ONO2)СH2 

ONO2 
166.1 1.377 120.62 35378 113.44 22.76 22.25 

4 
1,3-
Dinitroxypropane 
C3H6N2O6 

O2NOCH2СН2СH2 

ONO2 
166.1 1.395 119.07 35378 113.34 22.77 23.44 

5 
DEGDN 
C4H8N2O7 

O2NOCH2CH2OCH2 

CH2ONO2 
196.1 1.385 141.59 38680 140.04 21.41 26.41 

6 
TEGDN 
C6H12N2O8 

O2NOCH2CH2OCH2 

CH2OCH2CH2ONO2 
240.17 1.327 180.99 44687 183.84 20.09 28.72 

7 NG C3H5N3O9 
O2NOCH2CH(ONO2) 
СH2 ONO2 

227.1 1.593 142.56 48809 138.36 24.20 24.57 

8 BTTN C4H7N3O9 
O2NOCH2CH2CH 
(ONO2)CH2ONO2 

241.1 1.520 158.62 51514 155.46 23.46 25.48 

9 
TMETN 
C5H9N3O9 

O2NOCH2С(CH3)(CH2

ONO2)CH2ONO2 
255.4 1.488 171.64 52494 162.56 23.16 28.16 

10 
DGTN 
C6H10N4O13 

O2NOCH2CH(ONO2) 
CH2OCH2CH(ONO2) 
CH2ONO2 

346.2 1.330 260.30 70953 224.28 22.92 14.71 

11 
GLIN-Dimer 
C10H18N4O14 

O2NOCH2CH(ONO2) 
CH2O(CH2)4OCH2CH 
(ONO2)CH2ONO2 

418.0 1.380 302.90 82371 302.28 21.27 26.27 

Nitroxyalkylnitramines  

12 
MeNENA 
C3H7N3O5 

CH3N(NO2)CH2CH2 

ONO2 
165.0 1.530 107.84 40025 114.82 24.06 40.23 

13 
EtNENA 
C4H9N3O5 

CH3CH2N(NO2)CH2 

CH2ONO2 
179.1 1.320 135.68 42730 134.52 22.97 27.46 

14 
PrNENA 
C5H11N3O5 

CH3CH2CH2N(NO2) 
CH2CH2ONO2 

193.0 1.264 152.69 45435 151.62 22.31 27.48 

15 
BuNENA 
C6H13N3O5 

CH3CН2СH2CH2 

N(NO2)CH2CH2ONO2 
207.2 1.220 169.84 48141 168.72 21.77 27.40 

16 

2-Nitro-2-aza-4-
nitroxy-6-
oxaheptane 
C5H11N3O6 

CH3N(NO2)CH2CH 
(ONO2)CH2OCH3 

209.2 1.300 160.92 46033 158.72 21.94 27.82 

17 
1-Nitroxy-3-nitro-
3-azaoktane 
C7H15N3O5 

CH3CН2СН2СН2CH2 

N(NO2)CH2CH2ONO2 
221 1.178 187.61 50846 185.82 21.31 26.98 

18 DINA C4H8N4O2 
O2NOCH2CH2N(NO2) 
CH2CH2ONO2 

240.1 1.670 143.77 56162 159.44 24.18 8.57 

19 

1-Nitroxy-3,5-
dinitro-3.5-
diazahexane 
C4H9N5O7 

CH3N(NO2)CH2 

N(NO2)CH2CH2ONO2 
219.2 1.400 156.57 60810 155.90 25.45 33.11 

20 

1-Nitroxy-4,6-
dinitro-4.6-
diazaheptane 
C5H11N5O7 

CH3N(NO2)CH2 

N(NO2)CH2CH2CH2 

ONO2 

263.2 1.440 182.78 63515 173.00 24.69 26.47 

21 

1,8-Dinitroxy-3,5-
dinitro-3,5-
diazaoktane 
C6H12N6O10 

O2NOCH2CH2N(NO2) 
CH2N(NO2)СH2CH2 

CH2ONO2 

328.2 1.560 210.38 79650 217.62 24.65 34.26 
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Table 1: Cellulose nitrates and plasticizers characteristics 

№  Substance Formula 

Molecu-
lar 
weight 
(g/mol) 

Density 
(g/cm3) 

Molar 
volume V 
(cm3/mol) 

∑∆Е*i 
(J/mol) 

∑∆Vi 
(Å3) 

Solubi-
lity para-
meter δ 
(J/cm3)1/2 

Coeffi-
cient  
of surface 
tension  
γ 
(dyn/cm) 

Alkylnitramines  

22 
2-nitro-2 
azapropane 
С2H6N2O2 

CH3N(NO2)CH3 90.1 1.360 66.25 23889 70.20 23.77 51.18 

23 
2,4-Dinitro-2.4-
diazapentane 
C3H8N4O4 

CH3N(NO2)CH2 

N(NO2)CH3 
164.1 1.340 122.46 44673 111.68 25.77 27.80 

24 
2,4-Dinitro-2.4-
diazahexane 
C4H10N4O4 

CH3N(NO2)CH2 

N(NO2)СН2СH3 
178.1 1.340 132.91 47378 130.98 24.51 33.68 

25 
3,5-Dinitro-3.5-
diazaheptane 
C5H12N4O4 

CН3СН2N(NO2)CH2 

N(NO2)СН2СH3 
192.2 1.345 142.90 50083 150.68 23.49 39.92 

Azidoalkanes 

26 AEN C2H4N4O3 N3CH2CH2ONO2 132.0 1.340 98.51 40972 95.43 26.70 13.26 

27 
1,3-Diazido- 2-
nitroxypropane 
C3H5N7O3 

N3CH2CH(ONO2) 
CH2N3 

187.1 1.379 135.68 65407 136.74 28.18 11.05 

28 
2-nitro-2-methyl-
1,3-diazidopropane 
C4H7N7O2 

N3CH2C(CH3)(NO2) 
CH2N3 

185.1 1.400 132.21 65790 147.3 27.23 16.48 

29 
1-Azido-2-nitro-2-
azidomethylbutane 
C5H9N7O2 

C2H5C(NO2)(CH2N3) 
CH2N3 

199.2 1.320 150.91 68497 164.40 26.30 16.77 

30 
TAB C4H7N9 

 

N3CH2CH2CH(N3) 
CH2 N3 

181.0 1.266 142.97 76412 152.03 28.89 9.56 

31 

2-nitro-2-
azidomethyl-1,3-
diazidopropane 
C4H6N10O2 

N3CH2(NO2)C(CH2N3) 
CH2N3 

226.2 1.354 167.06 98306 171.41 30.86 8.68 

Azidoalkylnitramines  

32 
1-azido-3-nitro-3-
azabutane 
С3H7N5O2 

CH3N(NO2)CH2CH2N3 145.1 1.321 109.84 48324 114.01 26.53 21.52 

33 DANP С2H4N8O2 N3CH2N(NO2)CH2N3 172.1 1.432 120.18 67350 113.58 31.38 10.82 

34 

1-Azido-3,5-
dinitro-4,6-
diazahexane 
С4H9N7O4 

CH3N(NO2)CH2 

N(NO2)CH2CH2N3 
219.2 1.400 156.57 69109 155.09 27.20 22.39 

35 

1-Azido-4,6-
dinitro-4,6-
diazaheptane 
С5Н11N7О4 

CH3N(NO2)CH2 

N(NO2)CH2CH2CH2N3 
233.2 1.390 167.77 71814 172.19 26.31 26.20 

36 DANPE C4H8N8O2 
N3CH2CH2N(NO2)CH2 

CH2N3 
200.2 1.430 140.00 72760 157.82 27.67 19.98 

37 
DADNH 
С4H8N10O4 

N3CH2N(NO2)СН2СH2 

N(NO2)CH2N3 
260.0 1.610 161.49 90840 176.78 29.21 24.97 

38 DATH C4H8N12O6 

N3CH2N(NO2)CH2 

N(NO2)CH2N(NO2) 
CH2N3 

320.0 1.710 187.13 108919 195.74 30.40 26.85 

*Molecular weight per a repeat unit

The distinction between plasticizer also decreases – 
curves aspire to zero in a point corresponding 
cellulose trinitrate. In other cases (plasticizers № 2, 7, 
8, 12, 18, 20-22, 24, 25) the minimum of β value, 
corresponding cellulose dinitrate is observed. It is 
possible also to note smaller dependence of β from 
kind of cellulose nitrate for this group of plasticizers. 
Only for the 1-nitroxy-3,5-dinitro-3,5-diazahexane and 

2,4-dinitro-2,4-diazapentane, which have the greatest 
value of δ, the growing of β is observed at increase in 
a substitution degree of cellulose nitrate. 

As can be seen in Figure 1c, for all azide plasticizers 
monotonous significant growth of β value is observed 
at increase in a substitution degree of cellulose nitrate.  
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Figure 1: Dependence of ββββ=(δpl – δp)
2 on the cellulose nitrates degree of substitution for: a - nitroxyalkanes; b - 

nitroxyalkylnitramines and alkylnitramines; c - azidoalkanes and azidoalkylnitramines. Figures at curves 

correspond to label of plasticizer in Table 1. 

  

 

a b  

 

 

c 
Figure 2: Dependence «µ – Ф(Ф-(Ф2-1+а)1/2)» for cellulose nitrates of different degrees of substitution: a - cellulose 

mononitrate, b - cellulose dinitrate, c – cellulose trinitrate. Numbers of points correspond to labels of plasticizers in 

Table1.
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The polymer/plasticizer pairs having the most similar 
solubility parameters are: cellulose trinitrate- PrNENA 
(β =0); cellulose dinitrate - NG (β =0), cellulose 
dinitrate - MeNENA (β =0.03), cellulose dinitrate - 
DINA (β =0); cellulose mononitrate - 1-azido-2-nitro-
2-azidomethylbutane (β =0.01), cellulose mononitrate 
- 1-azido-4,6-dinitro-4,6-diazaheptane (β =0.01), 
cellulose mononitrate - 1-azido-3-nitro-3-azabutane (β 
=0.02).  

To use the second solubility criterion the values µ, Ф, 

а of inequality [6] for each polymer/plasticizer pair 
have to be calculated. It is necessary beforehand to 
exclude from consideration those pairs, for which  
δpl<<δp and δpl>>δp for increasing the predicting 
force of criterion. As these conditions are uncertain we 
rejected only those pairs for which the follow 
condition is satisfied: 1.2<µ=δ

2
p/δ

2
pl<0.8. Thus ~42 % 

of pairs are excluded from consideration. So, for 
cellulose mononitrate only 16 of 38 plasticizers 
remain in consideration, mainly azides; for di- and 
trinitrates only 20-21 plasticizers remain mainly from 
of some nitroxyalkylnitramines and alkylnitramines. 

Dot diagrams «µ – Ф(Ф-(Ф
2
-1+а)

1/2
)» (Figure 2) have 

been drawn up for the remained pairs 
polymer/plasticizer. Each point corresponds to one 
pair polymer/plasticizer. The straight line leaving the 
beginning of coordinate, is the graph of function 
µ=1.125Ф(Ф-(Ф

2
-1+а)

1/2
) and divides area of the 

diagram on two parts. The top part answers default of 
a condition [6], i.e. absence of solubility, bottom – to 
performance of a condition [6], i.e. presence of 
solubility. Thus, the points which are being under a 
straight line, correspond to mutually soluble pairs 
polymer/plasticizer.  

As it is can be seen, the given criterion predicts 
insolubility of cellulose mononitrate with all 
plasticizers under study due to great distinction in 
values of substances surface tension. The 
improvement of solubility in nitramines and 
azydonitramines is predicted with increase in a degree 
of substitution of cellulose nitrate up to two; and for 
the cellulose trinitrate its solubility in most of 
plasticizers under study is predicted. Thus, as a result 
of joint application of two criteria of mutual solubility 
the list of plasticizers, answering a condition of 
thermodynamic compatibility with cellulose nitrates, 
is reduced approximately to 80 %. 

This prediction of mutual solubility does not exclude 
the necessity of real experimental test of 
thermodynamic compatibility of concrete kinds of 
cellulose nitrates with plasticizers during the creation 
of new compositions. 

4. CONCLUSIONS 

The solubility assessment of cellulose nitrates of 
different degrees of substitution with energetic 
plasticizers of some nitroxyalkanes, 
nitroxyalkylnitramines, alkylnitramines, azidoalkanes, 

azidoalkylnitramines out using two approaches to 
dissolution process was performed. A number of 
plasticizers answering criteria of solubility with 
cellulose nitrates depending on their degree of 
substitution are determined. 
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ABSTRACT 

We have systematically studied the structural and 
electronic properties of PETN (Pentaerythritol 
tetranitrate) crystal by density functional theory 
calculations under hydrostatic pressure (0-100GPa). 
When the pressure is exerted upon the crystal, the 
parameters (a, c and v), bond, dihedral angle of the 
molecular changed gradually. It is also the same for 
the change of band gap, density of states. At 95GPa, 
the structural transformation occurred which resulted 
in the unusual change of unite cell parameters as well 
as electronic properties. 

1. INTRODUCTION  

PETN (Pentaerythritol tetranitrate) is one of the 
simplest mono-energetics commonly used in military 
and civilian applications[1-3]. It is a kind of popular 
high energetic material but little studied in high 
pressure[4-5]. In a detonation precess, the shockwave 
can result in high pressure (over 50GPa) in a very 
short time [6-7], so it is not easy for scientist to model 
and describe what is happening during this time in lab. 
In the last decade, numerous of experimental and 
theoretical reports aimed at the chemical and physical 
properties of PETN. In spite of these effects, a more 
comprehensive understanding of PETN is needed, not 
only at ambient condition, but also at higher pressure. 
Until now Michael Pravica [8]et al found phase 
transition at high pressure by experimental method, and 
W.F. Perger [4]et al using theory method to study PETN 
crystal under high pressure (up to 4GPa). 
   In order to better understand the high-pressure behavior of 
PETN as well as the structure and physical properties, a 
theoretical investigation of PETN under high pressure is 
needed. At the same time, applications of theory calculation 
to condensed phase materials have significantly increased 
recent years[9-11]. The theory method has been used to 
study the properties of explosives such as RDX (hexahydro-
1,3,5-trinitro-1,3,5-s-triazine), HMX (1,3,5,7-tetranitro-

1,3,5,7-tetraazacyclooctane), CL-20 
(hexanitrohexaazaisowurtzitane) under different 
pressure[12-18]. The results show that some properties such 
as the crystal structure, sensitivity as well as performance 
have changed caused by pressure. 
In this study, first principal calculation has been employed 
to to study the effect of pressure on crystal structure and 
properties on PETN. 
2. COMPUTATIONAL METHODS 

Our first principle calculations were performed by CASTEP 
[18-19] code of materials studio program in the framework 
of a general gradient approximation (GGA) and local 
density approximation (LDA), both of which have been 
successfully applied to the study of structure and properties 
of solid. Brillouin zone sampling was performed using the 
Monkhost–Pack Scheme with a K-point grid of 2×2×2. The 
starting atomic coordinates were taken from the final X-ray 
refinement cycle. Ultrasoft pseudopotentials were used in 
our calculations and the calculations were carried out in 
reciprocal space. All the atoms were relaxed to their 
equilibrium position when the energy change on each atom 
was less than 1×10-6eV between successive steps, the force 
on each atom was less than 0.01eV/Å and the displacement 
of atoms was less than 5.0×10-4Å. 
  For different kinds of crystals, GGA and LDA may give 
different results[13, 20-22]. So both GGA and LDA are 
applied to the bulk PETN as a test. CA-PZ is the only local 
density function available in LDA, and PBE is the default 
and most popular used GGA, so they selected to fully 
optimize PETN at ambient pressure. 
  PETN crystallizes in the tetragonal space group p-421c 
with a=b=9.3705Å, c=6.7060Å, ɑ=β=ɑ=90º as shown in 
Figure 1. The fully optimization of the structure was 
performed to allow the atomic positions, cell shape and 
volume to change. A series of external hydrostatic pressure 
of 1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 
90, 100GPa were added on the structure to find out the 
change of structure and the electronic properties such as 
bond length , bond angle, band structure and density of 
states. 
3. RESULTS AND DISCUSSION 

   The data of lattice parameters, bond length as well as 
dihedral angle were obtained with LDA, GGA and 
experiment are shown in Table 1.  From Table 1 we can see 
the relative errors of lattice parameters (a and c) obtained 
with LDA is 2.38 % and 1.86% which is much smaller than 
the data obtained with GGA (which is 6.53% and 4.48%). 
That is to say the calculated values with LDA agreed better 
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with the experimental data than those of GGA. It is also the 
same for bond length and dihedral angle. So the method of 
LDA/CA-PZ was employed in this study.  
   When LDA was employed in DFT calculations, it is said 
difficult to describe the van der Waals [23-24]. But some 
studies show that DFT results of weak bonds at high 
pressure are improved [25-27]. So the results of this study 
we get for higher pressure should be reliable. 
 
Table 1 lattice parameters., bond length and dihedral angle obtained with 

LDA, GGA and Experiment 

 LDA GGA Exp. 

Lattice 
Parameters 

 Relative Error/% 

 Relative Error/% 

 

a/Å 9.1472 2.38 9.9828 6.53 9.3705 

c/Å 6.5809 1.86 7.0201 4.68 6.7060 

V/Å3 550.63
22 

6.49 699.597
2 

18.81 588.828
8 

Bond length      

O1-N 1.3693 2.25 1.4541 3.80 1.4008 

O2-N 1.2302 2.62 1.2407 3.50 1.1988 

O3-N 1.2274 3.11 1.2310 3.41 1.1904 

O1-C2 1.4280 1.07 1.4381 0.37 1.4435 

C1-C2 1.4970 2.22 1.5516 1.35 1.5310 

Dihedral 
angle/º 

     

O2-N-O1-C2 178.69
6 

1.10 166.930 5.55 176.738 

O3-N-O1-C2 -1.246 66.39 11.588 412.5 -3.708 

Note: Relative Error=
Exp

nCalculatioExp −
 

 

3.1 Structural changes under pressure 

   Calculated pressure-lattice parameters (P-a, P-c, P-v) data 
for PETN in the pressure rang from 0 to 100GPa was shown 
in Figure 2. From Figure 2 we can see that with the pressure 
increasing, the  
lattice parameter a and unit cell volume (v) decrease 
gradually. But there is something unusual for c that before 
20GPa, c changes a little and nearly the same at different 
pressure, from 20GPa to 35GPa, c increase abnormally, 
from 35GPa to 90GPa, c decrease gradually but at 80GPa c 
increase again. It is worth noting that the value of a and c 
both changed abnormally, c increased rapidly and a 
decreased sharply after 90GPa . These suggest the large 
changes in molecular structure have happened at 35GPa and 
90GPa. 
   From Figure 1 we can also see the volume (v) of unit cell 
decrease gradually as the pressure increase although at 
90GPa there is a little strange. The largest compression of 
the unit cell happened in the region from 0 to 10GPa. In this 
area, a decreased rapidly but c changed a little. This is 
because the distance between molecular is far, and the 
crystal is easier to be compressed. But under higher pressure, 

it is the opposite as the intermolecular repulsion is increased. 
Also we can see the c axis is not easy to be compressed. 
This indicates the compressibility of PETN is anisotropic.        
   The increase in pressure will also cause the changes in 
geometry such as bond lengths, bond angles and dihedral 
angles. To illustrate the effect on the molecular geometry, 
the bond length of the molecular is presented in Figure 3.  
   From Figure 3 we can see that before 90GPa, the bonds of 
O1-N, O1-C2 and C2-C1 are decreased gradually, and after 
90GPa, all of them increased sharply. For O2-N and O3-N, 
they changed slightly before 20GPa, and in the region of 30-
90GPa, O3-N decreased gradually and O2-N first increased 
at 30GPa and then decreased gradually. From Figure 3 we 
also can see the all the bond length changed at the point of 
90GPa, so we are sure the crystal structure changed at 
90GPa shown in Figure 4. 

 

     Figure 1 Structure and atomic labeling for PETN 

 

    Figure 2 Lattice parameters as a function of pressure 
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Figure 3 Calculated bond length as a function of pressure 

  

                0GPa                                    90GPa           

 

 

                  95GPa 

Figure 4 The change of the crystal structure at different 
pressure 

 

3.2 Electronic Structures 

   The energy band gap (Δ Eg) between the highest occupied 

crystal orbital and the lowest unoccupied crystal orbital is an 
important parameter to characterize the electronic structure 
of solid. Figure 5 displays the effects of pressure on the band 
gap of PETN. As the pressure increases, the band gap 
gradually decreases without any significant discontinuity. 
This is due to an increase of overlap of different groups 
bands and then hence to the increase of charge overlap 
because of the decrease of intermolecular space. But after 
the point of 90GPa, the band gap increases dramatically to 
2.114eV. The reason to explain this the structure has 
changed when the pressure is around 95GPa, and a new 
structure is built to resist the higher external pressure, that is 
to say the structure transit at this point. According to the 
principle of easiest transition (PET) [28] of electrons, the 
more narrow of band gap, the more sensitivity of energetic 
materials. 
From Figure 5 we can see, the slope of the curve was 
different at point, that is to say at different region of pressure, 

the decrease of Δ Eg is not the same, for example, Δ Eg 

decreases by 13.4% from 1GPa to 10GPa, while 4.8% from 
70GPa to 80GPa. This indicates subtle changes take place in 
electronic structure although there is no obvious change in 
geometry.                 
   The band structure of a solid reflects the link between the 
crystal structure and the physical properties. Part of the band 
structure (from -5eV to 5eV ) of PETN is shown in Figure 6. 
The zero of energy is set at Fermi level shown as a dashed 
horizontal line. From Figure 6 we can see both the upper 
valence bands and lower conduction bands are largely flat 
before 20GPa, which is due to the weak interaction in the 
molecular crystal, and after 20GPa the energy bands 
fluctuate more and more obviously  
   In order to obtain further information about band nature of 
PETN, the electronic density of states (DOS) are calculated 
presented in Figure 7. Clearly, the structures are changed 
gradually with the increase of pressure and the higher 
pressure, the lower and wider the peaks are. The DOS of 
different pressure are finite at Fermi energy level this is 
because the DOS contains some form of broadening effect. 
In the upper valence bands, there is a sharp peak near the 
Fermi level and two main peaks before 30GPa. All the main 
peaks in the upper valence bands are predominately from the 
p states. There are two peaks in the conduction band, which 
are dominated by p states for the lower one and s and p 
states for the other peak. This indicates the p states play an 
important role in the chemical reaction. Note that when the 
pressure is higher, several peaks in the upper valence band 
merge together, showing there is good electronic 
delocalization in the system. When the pressure below 
20GPa, the curves of DOS are very familiar with each other 
under different pressure except for their heights. It is also the 
same for the region from 20GPa to 90GPa. When the 
pressure is over 95GPa, the DOS becomes smooth and DOS 
in each energy region is nearly equal.  
   The atom-resolved DOS and PDOS show which atom in 
the system contribute electronic states to various parts of the 
energy spectrum. The PDOS of PETN at the pressure of 
0GPa and 95GPa are shown in Figure 8 as 95GPa is a 
structure change point. It can be seen that the valence bands 
near Fermi level are dominated by C2-p, O1-p and O3-p 
contributions, while conduction bands are dominated by p 
states from N and O. Comparing the two different PDOS at 
0 and 95GPa, we can see C1, C2 and O1 change 
dramatically while O2 and O3 changed a little. This 
indicates that C1, C2 and O1 contribute most to DOS when 
the pressure increased.   
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     Figure 5 Band gap of PETN as a function of pressure 

 

                      Figure 6 Energy band structure of PETN 

   

                   Figure 7 Electronic Density of States of PETN 

 

        Figure 8 Atom-resolved DOS and PDOS at 0GPa (left) 
and 95GPa (right) 
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3.3 Overlap populations 

   The Mulliken overlap population of PETN is used to 
evaluate the bond strength between two atoms. A higher 
value of bond order indicates a covalent bond, while a low 
value shows an ionic bond. Table 2 presents the bond order 
of PETN under different pressure. From Table 2 we can see, 
bond order increases gradually when the pressure get higher. 
Although O1, O2 and O3 combined with the same N, the 
bond order shows that they play different roles in the 
system. The order of the overlap population is O3-N>O2-
N>O1-N≈C2-O1, which is in accordance with the bond 
length sequence of C2-O1≈O1-N>O2-N>O3-N. This result 
indicates C2-O1 is the weakest bond in the crystal.  

 

Table 2 Bond order of PETN under different pressure 

Pressure/G
Pa 

O1-N O2-N O3-N C2-O1 

0 0.48 0.80 0.83 0.46 

1 0.48 0.80 0.83 0.46 

3 0.48 0.80 0.83 0.46 

8 0.49 0.81 0.84 0.47 

10 0.49 0.81 0.84 0.48 

12 0.50 0.81 0.84 0.48 

20 0.50 0.81 0.85 0.49 

30 0.52 0.81 0.86 0.50 

40 0.52 0.82 0.87 0.50 

45 0.52 0.82 0.87 0.51 

50 0.52 0.83 0.87 0.51 

70 0.53 0.84 0.88 0.53 

90 0.53 0.85 0.89 0.54 

95 0.58 0.84 0.90 0.50 

100 0.60 0.84 0.88 0.48 

 

4 CONCLUSIONS 

   First principle calculations of the structural and electronic 
properties of the crystalline PETN under the pressure of 0-
100GPa have been performed using the CASTEP module of 
Materials Studio package. LDA/CA-PZ functional was 
employed in this study as it can successfully reproduce the 
experimental structure. The results show that the pressure 
can change the crystal structure, unite cell parameters (a, c 
and volume), band structure and density of states 
significantly. 
   The results indicate that the crystal structure transformed 
at 95GPa. When the pressure is under 95GPa, the unite cell 
constant a and v decreased gradually, and for c, it is nearly 
the same when the pressure below 20GPa, from 20GPa to 
30GPa, c increased a little and 30GPa to 95GPa it decreased 
again. At the point of 95GPa, a decreased and c increased 
rapidly which indicate the structure transformation occurred 
at 95GPa. 

Band structure, bang gap and density of states changed 
regularly with the increase of pressure. In the pressure 

region 0-95GPa, band gap Δ Eg decreased normally but it 

increased at 95GPa due to the structural transformation. In 

different pressure region, the decrease of Δ Eg is not the 

same, for example, Δ Eg decreases by 13.4% from 1GPa to 

10GPa, while 4.8% from 70GPa to 80GPa. 
Simulation under high pressure will offer us new ways to 
understand the change in crystal structure as well as the 
properties of electronic structure and so on. It is a useful tool 
for energetic materials which is not easy and safe to do the 
experiments in lab. 
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ABSTRACT 

A new computational fluid dynamics (CFD) code is 

under development as a simulation and prediction tool 

for internal ballistic problems of pyrotechnical 

mixtures and propellants. In this work, a transient two-

phase model for the analysis of pyrotechnical mixtures 

and propellants is presented. It is a conservative model 

of balance equations, which is adapted from non-

conservative Gough model. This conversion is 

mathematically attractive, due to the wide range of 

numerical methods for conservative systems, such as 

AUSM family of schemes or Rusanov scheme. A 

splitting technique is applied which solves the system 

of equations in several steps.  The closure 

relationships that account for the physical phenomena 

taking place during combustion are presented. Some 

numerical tests have been proposed in order to 

validate the code. As shockwave test have yielded 

successful results, a complete interior ballistics 

problem has been implemented, including propellant 

combustion and dynamic mesh. Numerical results, 

which are compared with those from a well-known 

zero-dimensional code, show promising expectations.   

1. INTRODUCTION  

The use of computational methods on the analysis and 

design of pyrotechnic and ballistic devices have been 

broadly extended in last decades. A reliable 

characterisation of physical phenomena taking place 

inside combustion chambers can undoubtedly help 

designers to enhance the propellant’s capabilities and 

also to optimise the geometry of both the charge and 

the gun. Many computational codes are found in the 

literature for the study of those two-phase problems. 

Most of them include important assumptions, such as 

zero-dimensional approaches (SIBIL), lumped-

parameter codes (IBHVG2), or one-dimensional codes 

(CTA1). A review of those codes was tackled by 

Woodley et al. (2005).  

Lumped-parameter codes have proven to provide right 

results for a variety of guns with relatively simple 

geometries. However, simulations become tougher 

and uncertain when including different combustion 

chambers or complex geometries, such as simulation 

of mortar propelling charges. 

Full multidimensional modelling of transient 

multiphase models has emerged as a path to more 

reliable predictions, accounting for a wider variety of 

physical phenomena relative to propellant ignition, 

compaction or heat transmission. In addition, the 

geometrical versatility of CFD-based codes constitute 

a powerful tool for prediction of effects for which 

dimensionality take a big role, such as pressure waves, 

heating of different parts in the gun or problems in the 

initiation of propellant. 

In the present work, a two-phase model for the 

analysis of pyrotechnical mixtures and propellants is 

presented. The model considers the balance equations 

of the gas and solid phases that comprise the 

propellant, introducing a conservative form of Gough 

model. The result is a consistent and structured system 

of balance equations, which avoids the non-

conservative terms in convective fluxes. The original 

model proposed by Gough (1979) has been used by 

some authors in interior ballistics modelling, due to its 

simplicity and robustness, as it assumes the solid 

phase as incompressible (Sheu 1995, Nussbaum 

2007). But it is also addressed that some difficulties 

may appear when dealing with high pressure waves 

(Longuet et al. 2005). The conservative version of this 

model is stable against this sort of effects. Besides, 

numerical schemes for conservative fluxes can be 

directly applied; many of them have been specifically 

formulated as shockwave capture methods. The 

numerical method proposed to solve this system of 

equations is briefly described in Section 3. This 

consists of a finite-volume method where numerical 

fluxes are evaluated by means of AUSM schemes. A 

splitting technique is applied solving the model of 

equations in several steps. Source terms are calculated 
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explicit and implicitly making the model quite robust 

for the type of problems studied so far.  

In the framework of collaboration between EXPAL 

Systems S.A. and the Universidad Politécnica de 

Cartagena, all this has been implemented in a 

multidimensional code which is under development. 

The behaviour of the code has been tested by various 

numerical tests from literature, giving successful 

results. A shockwave test is presented here and 

compared with data from Nussbaum (2007). After 

that, a complete test of a gunshot in a simplified 

chamber is analysed with both our code and the 

lumped-parameter code IBHVG2. Both solutions are 

compared so that it can constitute a further validation 

before tackling real firing tests.  

The versatility of the code allows modelling a wide 

variety of problems involving the reaction of granular 

beds of energetic solids, such as propellants or 

explosives, as well as various geometries of 

pyrotechnic devices. 

2. MATHEMATICAL MODEL 

The theoretical model chosen in this study (Gough 

1979) describes, from an Eulerian point of view, a 

two-phase system consisting of a solid phase (i.e. 

packed propellant grains) and a gas phase (the 

resulting gaseous combustion products). This model is 

one of the most commonly used, not only in internal 

ballistics but also in many other studies about 

combustion processes, such as deflagration waves, 

where pressure gradients are relatively small, for it 

considers the solid phase to be incompressible. This 

reduces the needs of experimental data about the 

propellant’s equations of state.  

In the model, both phases are considered to be a 

homogeneous continuum. In other words, both, the 

gas and the propellant grains, are defined to have a 

uniform value of density and porosity within each 

fundamental volume. Thus, the heterogeneous flow 

composed of two interacting continua can be 

described by appropriately defined averages of flow 

properties. The geometric properties of the propellant 

grains, as all the variables of the problem, are also 

treated in the same way. In addition, the model 

considers the following assumptions: 

• The solid phase is incompressible and no 

relative motion between solid particles is 

considered. Therefore, the average stress in 

the solid phase is modelled as an isotropic 

normal stress. 

• The interphase drag and the interphase heat 

transfer are determined from steady state 

correlations. 

• The Nobel-Abel equation of state is used for 

the gas phase and the specific heats are taken 

to be independent of temperature. 

• Reynolds number governing the process is 

presumed to be high and the influence of 

viscosity and heat conduction is assumed to 

be confined to thin boundary layers. 

As a result, the model is defined by a system of seven 

partial differential equations:  

• A balance equation for the porosity (the 

volumetric fraction occupied by the gas phase 

α1). It can be expressed in terms of the 

volumetric fraction of the solid phase α2=1-

α1. 

• A conservation equation for the mass of the 

gas ρ1α1. 

• Three equations (for a three dimensional 

problem) for the momentum conservation of 

the gas phase, ρ1α1U1, and other three for the 

momentum conservation of solid phase, 

ρ2α2U2. 

• An equation for the total energy of the gas 

phase E1. 

• A balance equation of the enthalpy of the 

solid phase Hs. This variable is defined to be 

a function of the internal temperature of the 

solid grain T2 which is considered to be 

different from the surface temperature of the 

grain Tps. 

• A constitutive law for the surface regression 

length of the solid phase, dq. This magnitude 

should be understood as the averaged 

reduction of the size of all propellant grains 

contained in each fundamental volume cell 

(Fig. 1) due to the combustion process.  

 

Figure 1: Grain geometry showing the surface 

regression length. 

According to the version reported by Nussbaum 

(2007), the system of equations can be written, as: 

 [1] 

 [2] 

 [3] 

 [4] 
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 [5] 

 [6] 

 [7] 

Note that the source terms account for the coupling 

between phases due to the mass, energy and 

momentum exchange due to the reaction process. The 

term  models the interphase drag,  represents the 

interphase heat transfer rate per unit of surface and is 

multiplied by the specific surface area of the solid 

phase  in Eq. [3], and by the thermal 

diffusivity of the solid phase, , in Eq. [6].  is the 

rate of mass exchange between phases per unit of 

volume due to the reaction process and  is the 

heat generated per unit of volume during the 

exothermic reaction.   is the burning rate, i.e. the 

average rate of growing of  per unit of volume. 

Finally,  , , and  are, respectively, the 

velocity of the ignition gases, the mass rate and the 

heat per unit of volume generated by the ignition gases 

that initiate the combustion process. In the case of 

internal ballistics this would be associated to the 

velocity, mass rate and heat per unit of volume 

generated by the primer (Gough, 1979). The transient 

physical process of ignitions is modelled as: (i) 

Initially, the propellant grains are ignited by the 

venting of hot gas from an ignition source or a primer 

into the grains bed. (ii) The grains in the 

neighbourhood of this source are heated convectively 

and their surface temperature rises rapidly to the point 

of self-sustained reaction. (iii) The produced exhaust 

gases combine with the gas from the ignition source 

and assist in spreading the flame through the bed. The 

gas penetration within the granular bed is resisted by 

the drag, which in turn leads to motion and/or 

compaction of the solid phase. 

The model presented can be considered as a model of 

“one pressure”, since the pressure at the solid phase 

can be obtained from the pressure of the gas phase 

plus the intergranular stress.  

The system [1]-[7] contains non-conservative, 

convective terms which cannot be solved with an 

explicit numerical method for hyperbolic systems of 

partial differential equations, as in Section 3. 

Therefore, the conservative and non-conservative 

terms need to be solved separately. 

In order to avoid that, an alternative is presented to 

introduce the non-conservative terms into the 

convective conservative fluxes. A transformation can 

be done to system [1]-[7] if the equation of energy for 

the solid phase [6] and the balance equation of the 

surface regression length of the solid phase [7] are 

expressed in conservative form. Furthermore, the 

derivatives of the non-conservative terms of the 

momentum and energy equations as a function of the 

spatial coordinate can be reorganised to obtain the 

system of equations [8]-[14]. 

 [8] 

 [9] 

 [10] 

 [11] 

 [12] 

 [13] 

 [14] 

A one-dimensional version of the system is presented 

for clarity, although the transformation is extensible to 

multidimensional equations. If we define  as the 

vector of the conserved variables,  the convective 

fluxes vector, and  the source terms vector, then the 

previous system of can be expressed, in vector form, 

as: 

  [15] 

where now U, F and S are: 

That is the final conservative form of the model that 

will be used in this study. 

2.1 Closure Relationships 

Closing equations, accounting for the physical 

behaviour of gas and solid phase, are needed for the 

system to be resolved. For the gas phase, an equation 

of state is needed. The high gas densities occurring in 

a combustion tube during the firing process render the 

ideal gas equation of state inaccurate. The Noble-Abel 

equation of state, which considers the co-volume , is 

used to accurately describe the thermodynamic 

behaviour of the propellant gas (Johnston 2005): 
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 [16]  

As previously stated, solid phase is considered as 

incompressible and no thermodynamic law is needed 

for it. The pressure at the solid phase  is obtained 

from an algebraic expression with the pressure of the 

gas phase  and the intergranular stress, , 

which accounts for solid compaction. Thus, we can 

obtain pressure at the solid as: 

 [17] 

The selected expression for the intergranular stress is 

that found in Sheu and Lee (1995): 

 [18] 

Interphase drag is modelled using the formulation 

proposed by Ergun (1952).  

 [19] 

where  is a function depending of the grains 

shape and is proposed to be , 

with .  

The heat flux between phases can be written as: 

 [20] 

where the convective heat transfer coefficient is 

,  is the Nusselt number and 

 is the temperature of the surface of grains. That 

temperature is calculated by imposing a polynomial 

distribution from the centre of the grain, where 

temperature is . 

Finally, we assume that the rate of surface regression 

can be related to the average gas pressure according to 

the Vieille (1893) exponential law of the steady 

burning:  

 [21] 

where ,  and  are experimentally determined 

constants. 

3. NUMERICAL MODEL 

A finite-volume approach is adopted for the numerical 

resolution of the system [8]-[14]. We propose a 

splitting technique that has provided good results in a 

variety of applications (García-Cascales et al. 2012). 

This consists of solving separately the convective part 

of the system of PDEs [15] as homogeneous: 

  [22] 

and then, the system of ODEs including the source 

terms: 

 [23] 

For the convective part of the system, a spatial and 

time discretisation is defined. The conservation 

equations of the system are integrated over each finite 

volume. Approximate Riemann solvers have been 

tested to compute the numerical fluxes between cells, 

specifically: the one of Rusanov (1961), AUSM+ 

(Liou 1996) and AUSM+up (Liou 2006). 

3.1 Rusanov scheme 

The Rusanov (1961) scheme  is a particular case of the 

HLL type schemes (Toro 1997). This scheme is 

simple and robust, not very diffusive but it is able to 

capture discontinuities efficiently. It estimates the 

numerical fluxes in each cell as the average of the 

numerical fluxes computed in the neighbour cells in 

previous time step, corrected by a factor proportional 

to the difference within the conserved variables in 

each cell in the previous time step and a speed of the 

order of magnitude of the wave-speed velocity: . 

Thus, the Rusanov numerical flux between 

neighbouring cells  and  can be expressed as: 

 [24] 

where  is the convective flux in the cell on the left 

in the previous time step, ), and  the one 

in the cell on the right, ). The speed 

 is estimated in the case of the Rusanov scheme as: 

  [25] 

where  y   are the velocities in the cell on the 

left and on the right respectively, whereas  and  

are the speed of sound computed on those cells. Note 

that,  must be obtained independently for each 

phase as there are different speeds of sound and 

velocities, resulting in different numerical fluxes for 

the gas or solid phase.  

3.2 AUSM+ and AUSM+up schemes 

The AUSM approaches are recent schemes that 

combine the properties of the Flux Vector Splitting 

methods and the Godunov type approaches. The 

AUSM+ was proposed by Liou (1996). It was defined 

in terms of the one-phase and time dependent. It is 

based on splitting the flux vector F in two 

components: the convective part  and the pressure 
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part , so that . Numerical 

flux vectors are computed as a function of the Mach 

number at the left and right side cells of the interphase 

analysed. 

For two-phase flow, an approach was developed by 

García-Cascales and Paillere (2006), based on the 

speed of sound in the solid phase, which was 

successfully used in dust mobilisation and combustion 

of highly diluted two-phase flows. In the present 

work, a new approach for AUSM+ is introduced that 

fits the conservative model defined in the previous 

section. First, the flux vector in equation [15] is 

divided: 

 [26] 

Thus, the convective part of the numerical flux can be 

obtained for each phase ( =1 or 2) as: 

  [27]  

where  and  represents the conditions at the left 

and right, respectively, of the interphase and, 

  [28] 

And the pressure part of the numerical flux is defined 

as:  

 [29] 

The expression used for defining the mass flow rates 

and pressures at the interphase, ,  and 

 is determined the use of the AUSM+ or 

AUSM+up schemes. 

4. NUMERICAL TESTS AND RESULTS 

The numerical methods described in the previous 

sections have been implemented in an own developed 

Oriented-Object Fortran code which can be inserted in 

CAST3M computer code, an integrated solver for the 

analysis of structures by the finite element method  

and finite-volume CFD code. This is an open-source 

code developed by the French Atomic Energy 

Commission (CEA). In our work, this tool has been 

particularly useful for the 2D or 3D tests. 

4.1 Numerical test for 1D shockwave transmission in 

a granular solid bed 

The behaviour of the code against different numeric 

scenarios has been tested. In order to check the 

efficiency of the numerical schemes used to integrate 

the physical model, and to predict the discontinuities 

within the two-phase flow field, different numerical 

one-dimensional tests were studied.  

A two-phase shock-tube test has been selected from 

literature (Nussbaum 2007). In this test, the efficiency 

of the model is analysed, so that it is able to predict 

and characterise a shock wave and the subsequent 

rarefaction waves and contact discontinuities. It also 

allows checking the performance of constitutive laws 

implemented, which account for the coupling between 

phases: the interphase drag and interphase heat 

transfer. Also the intergranular stress is taking a 

significant role, as the solid phase is compacted by the 

pressure wave. By contrast, propellant reaction is 

disabled in this first test. 

The shockwave is induced by a pressure jump in a 1 m 

long, horizontal tube. Initial conditions are listed in 

Table 1. The shock travels along the two-phase system 

as it is restrained by the solid.  

Table 1: Initial conditions for 1D two-phase shock 

tube test. 

 L 

(  

R 

(  

 0.5 0.6 

 

1 0.3 

 

0 0 

 

0 0 

 106 105 

 

Results from computations are shown in Fig. 2. The 

benchmark for the validation of the conservative 

version of the model is the Gough (1979) model. A 

comparison is done of the distribution of the main 

variables in the problem at a final time of 2 ms. Both 

solutions are generally overlapped due to the high 

level of similarity. As shown, the conservative model 

implemented in the code has proven to be stable when 

facing pressure waves and discontinuities. It even 

corrects a spurious oscillation  (Fig. 2) which 

cannot be avoided with the non-conservative 

approach. 

4.2 Interior ballistics numerical test for a 155 mm 

gun 

A complete test of interior ballistics is tackled now in 

order to check the reaction model that has been 
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implemented in the code. Thus, a simplified 

combustion chamber and barrel of a 155mm/23 gun is 

analysed with both our code and the lumped-

parameter code IBHVG2.  

A dynamic meshing algorithm is used to simulate the 

movement of the projectile along the gun barrel. This 

algorithm generates new cells at each time step as the 

projectile moves on, following the procedure 

described in Sheu (1995) and Nussbaum (2007). The 

dynamic equation of the projectile must be solved for 

prediction of its inertial impulse and velocity: 

  [30] 

where  is the position of the projectile’s base, 

 is the mass of the proyectile,  is 

the pressure at  and  is the tube’s section. The 

resistive pressure, , accounts for the friction of the 

bullet with the gun’s tube. Dynamic meshing is only 

needed on the  coordinate for this problem. 
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Figure 2: Numerical results for the 1D two-phase shock tube test at . Results are shown for Gough (1979) 

model and the adapted conservative model. 
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The propulsion charge for this gunshot is composed 

by 6.2 kg of a real nitrocellulose Single Base 

propellant, manufactured by EXPAL. The grain’s 

geometry of this powder is a 7-holes multi-perforated 

cylinder. Regarding the cannon’s geometry, it has 

been simplified as a smooth tube 3.57 m long (3.065 

m riffled length). The propellant is assumed to fit 

homogeneously the whole gun’s chamber, whose 

volume is 13.06 dm
3
.  

Results from both IBHVG2 and our finite-volume 

code are depicted in Fig. 4. Computations give a 

maximal pressure of 189.68 MPa is found in the shot 

base (against 199.88 MPa from the lumped-parameter 

code), and 198.96 MPa in the breach (against 219.20 

MPa with IBHVG). Evolution of pressure at the shot 

base and the gun’s breech show a good agreement 

between both solutions during pressure rising, whilst 

differences increase during the last milliseconds. 

Some disturbances can be observed in the FVM shot 

base curve, that can be caused by any existing 

pressure wave during the combustion process. Further 

studies will be undertaken to deeply analyse the 

appearance of pressure waves.  

 

Figure 4: Comparison of results for the 155 mm gunshot 

test with SB propellant, from IBHVG2 and our 

finite volume method (FVM). Evolution of 

pressures at shot base and breech. 

 

5. CONCLUSIONS 

A finite-volume code is presented in this paper, which 

is being implemented as a prediction and design tool 

for a range of pyrotechnical mixtures and propellants. 

The code has been applied, up to date, to internal 

ballistics problems, specifically shooting artillery 

ammunition. 

The main goal of this paper is to introduce a new 
version of Gough’s model of balance equations, posed 

in conservative form. That is an advantage from a 

mathematical point of view, due to diversity of 

conservative numerical methods, and also it can be 

implemented in finite-element code Cast3M. The 

model has provided successful results in 1D 

shockwave tests. In addition, firing tests with real 

propellant data are giving promising results which 

enhance the expectations for this code.  
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ABSTRACT 

Ammonium perchlorate (AP) is used as an oxidiser in composite and composite modified cast double base 

propellants.  

Although there is a drive to replace this compound with more environmentally friendly oxidisers, AP is still 

used in a vast range of compositions and so the need to understand and predict how such propellants degrade 

or age with time under a range of conditions remains.  

In order to be able to understand how such propellants will behave in different environmental conditions in a 

reasonably rapid timescale, it is often necessary to carry out accelerated ageing trials on these materials at 

elevated temperatures and then extrapolate the results from the subsequent analysis to temperatures which 

are more representative of service conditions. 

In this work, three compositions have been subjected to artificial ageing trials. The first of these, known as 

Composition A, contains AP, a nitramine, aluminum and a stabilised nitroglycerine / polyethylene glycol based 

binder. Composition B is similar to Composition A except it does not have AP in the matrix and the final 

energetic material known as Composition C, is just comprised of the stabilised nitroglycerine / polyethylene 

glycol (PEG) based binder.  

Comparison of the results from the ageing trials on Compositions A, B and C has shown that the AP plays an 

important role in the degradation mechanisms of Composition A. In particular, during thermal stability testing 

at high temperatures, it causes the sudden decomposition of the propellant. However, during elevated ageing 

trials at more moderate temperatures, the effect of AP is twofold; firstly, it appears to cause the unzipping of 

the PEG binder once there is uncured PEG present but more importantly initial results suggest that it appears 

to inhibit the acid hydrolysis of nitroglycerine. This in turn slows down the chemical decomposition of the 

propellant compared with compositions where AP is not present.  

1. INTRODUCTION 

Composition A is an example of a composite modified cast double base (CMCDB) propellant. Such 

compositions were developed to provide high energy and performance compositions, which had excellent 

physical and ballistic properties at high and low temperatures. 

There is not an extensive amount of literature concerning the degradation mechanisms of CMCDB propellants 

but it is clear that AP has an important role when certain tests are employed to understand the compositions. 

Asthana, Divekar et al.
1
 produced a paper concerning the stability, auto ignition and stabiliser depletion of 

CMCDB propellants. They highlighted the fact that at the time of publication, very limited information was 

available on the shelf life of such propellants. It was also noted that the inclusion of AP leads to an increase in 

the autocatalytic behaviour of CMCDB propellants over time but the rate of stabiliser depletion for the 

propellants they studied, followed a trend in agreement with that for double base propellants.  

The authors also used the auto ignition test to characterise a selection of CMCDB and double base propellants. 

This involves subjecting the propellant to a particular temperature (for example, 130.5°C) and measuring the 

time to ignition. Using this technique they showed that the CMCDB propellant ignited more rapidly than the 

double base propellant suggesting that the decomposition reactions in the CMCDB propellants are faster than 
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in double base propellants and that consequently, CMCDB propellants have a lower shelf life than their double 

base counterparts. 

Bromberger, Conduit et al.
2
 studied a range of CMCDB compositions and they noted that those with a short 

silver vessel (a specific heat test) ignition times all contained nitrocellulose, nitroglycerine, AP, aluminium and 

the stabiliser 2-NDPA but the concentration of 2-NDPA appeared to have no effect on the test results.  It was 

also concluded that due to the violent nature of the ignition of even small amounts of hybrid CMCDB 

propellants, any heating trial should be carried out with caution.  

Further work by Conduit 
3 

showed that hybrid CMCDB propellants containing AP have shorter lives than double 

base propellants and when subjected to the silver vessel test at 80°C tended to ignite very quickly after the 

initial onset of heating. 

Asthana, Ghavate et al.
4
 also looked at the effect of high energy materials - RDX, pentaerythritol tetranitrate 

(PETN) and AP - on the shelf life of CMCDB propellants. 

They found that if AP was present, the RDX and PETN containing CMCDB propellants would undergo self 

ignition in a much shorter time span. This was attributed to the AP causing auto decomposition of the RDX and 

PETN in the double base matrix. 

Finally, Asthana, Ghavate et al. also concluded that AP containing compositions have a much shorter self life 

compared with RDX and PETN based propellants.  The fact that nitramine double base propellants that do not 

contain AP have relatively good thermal stability has also been highlighted by Bunyan
 5

 and Bhalerao, Gautam 

et al. 
6
. 

In order to be able to predict how Composition A will behave at different temperatures over long periods of 

time, it is important to be able to understand the effect of AP in this propellant. To do this, the three energetic 

materials detailed in Table 1 have been subjected to artificial ageing trials at elevated temperatures and then 

characterised in terms of their chemical, mechanical and thermal properties although the mechanical data is 

not included in this paper. 

Composition AP (%) Nitramine (%) Aluminium %) Nitroglycerine 

mixed with 

Polyethylene Glycol 

Binder* 

A 15 18 42 25 

B 0 18 57 25 

C 0 0 0 100 

* Binder also contains 2-nitrodiphenylamine (2-NDPA) and paranitromethylaniline (pNMA) which act as 

stabilisers 

Table 1 – Composition details 

Ideally, the three compositions in Table 1 should have been subjected to exactly the same ageing regimes so 

that the results could all be directly compared but it soon became apparent that Compositions B and C age 

more rapidly than Composition A and so they could not be heated for as long periods at 80°C. 

The reasons for Compositions B and C ageing more quickly than expected were then investigated with 

particular attention paid to the role of AP and its interaction with polyethylene glycol and nitroglycerine. 

2. EXPERIMENTAL 

 

2.1  AGEING CONDITIONS 

Composition A was subjected to ageing in an explosive oven at 80°C for seven, eighteen and twenty five days.  

It was found that Composition B began to lose its mechanical integrity when aged for seven days at 80°C and 

by the time that 11 days had passed, the propellant turned from a soft rubbery solid to a paste when 

disturbed. As a result, a shorter ageing programme was conducted on this material and so samples were 

withdrawn from ageing after a period of one, three, five, six and eleven days. 
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Composition C was also subjected to ageing at 80°C but it was found that after seven days, this binder began 

to visibly degrade. Samples were withdrawn from ageing after seven days, eleven days and thirteen days. 

2.2 ANALYTICAL TECHNIQUES 

In order to understand the effect of ageing on the three compositions, a range of analytical techniques were 

employed which were as follows: 

1. Accelerating rate calorimetry (ARC) to assess the thermal stability of the energetic materials. 

2. High performance liquid chromatography (HPLC) to quantify the concentration of nitroglycerine and 

stabilisers. 

3. Gel permeation chromatography (GPC) to determine the molecular weight of the soluble 

polyethylene glycol in the compositions. 

4. Karl Fischer moisture analysis to measure the concentration of water in the samples. 

5. Acidity testing to determine the pH level of the compositions. 

6. Nuclear magnetic resonance (NMR) in order to identify and semi quantify the different compounds in 

the compositions. 

7. Ion chromatography (IC) to quantify the concentration of nitrate and nitrite species in the samples. 

 

2.3 FURTHER WORK 

Following the results obtained from the ageing of Compositions A, B and C, some further work was conducted 

to understand the effect of AP on nitroglycerine and polyethylene glycol (PEG). 

As part of this, the following samples were prepared and aged for four days at 80°C and then subjected to GPC 

analysis: 

1. PEG. 

2. 50:50 PEG: AP.  

3. 50:50 PEG: nitramine. 

4. 50:50 PEG: aluminum. 

5. 25:25:25:25 PEG: AP: nitramine: aluminum. 

6. Composition C 

7. 50:50 Composition C: AP. 

8. 50:50 Composition C: nitramine. 

9. 50:50 Composition C: AP: nitramine: aluminum. 

In addition, the following samples were prepared and analysed using IC: 

1. 50:50 Nitroglycerine: triacetin aged for 2 days at 80°C 

2. 33:33:33 Nitroglycerine: triacetin: AP aged for 2 days at 80°C 

3. 50:50 Nitroglycerine: triacetin aged for 5 days at 80°C 

4. 33:33:33 Nitroglycerine: triacetin: AP aged for 5 days at 80°C 

5. 50:50 Nitroglycerine: triacetin aged for 2 days at 90°C 

6. 33:33:33 Nitroglycerine: triacetin: AP aged for 2 days at 90°C 

7. 50:50 Nitroglycerine: triacetin aged for 5 days at 90°C 

8. 33:33:33 Nitroglycerine: triacetin: AP aged for 5 days at 90°C 

 

3. RESULTS 

 

3.1 ARC RESULTS 

ARC testing was performed on the three Compositions and as can be seen from Figure 1, Composition A 

shows significantly different behaviour during this test compared with the other two materials. 
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Figure 1 – ARC data for unaged compositions 

From Figure 1 it can be seen that during the ARC test, Compositions B and C begin to self-heat at around 

125 - 128°C and that as the thermal decomposition continues, this process accelerates until the reactants 

are consumed.  

Composition A does not undergo this thermal runaway process as without any prior warning or evidence 

of self-heating, it suddenly ignites at about 128°C. 

In 1998, Lurie et al.
7
 studied effect of the kinetics of the decomposition reactions when AP is mixed with 

nitrate esters. 

He found that AP does not appear to affect the thermal decomposition of nitroglycerine but it has a 

significant influence on nitrate esters such as ethyleneglycol trinitrate (EGDN) as it decreases the period of 

time before autocatalysis occurs and causes strong acceleratory autocatalytic reactions as measured by 

gas production.  

The nitrosation agents that attack the nitrate esters if they are not scavenged by stabilisers such as 2-

NDPA also react with AP and Lurie postulated that the mechanism for this was as follows: 

NH
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4
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2
+NOClO

4
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2
O

NOClO
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2
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2
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4
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4
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2
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Scheme 1 
7
 

As nitroglycerine decomposes to produce nitric oxide (NO) and nitrous oxide (NO2) which react with each 

other to form dinitrogen trioxide (N2O3) it seems surprising that Lurie did not find that AP had a practical 

influence on the thermal decomposition of nitroglycerine. 

In addition, when AP is added to both Compositions B and C and ARC testing is performed, the sudden 

ignition process which occurs in Composition A takes place.  

It has also been found that when water at a concentration of 14% is added to Composition A and ARC 

testing is performed, the sudden ignition process is inhibited and thermal runaway takes place 
8
. 

Bunyan 
8
 attributed this to the fact that when water is present, the formation of nitric acid is favoured 

which prevents the oxides of nitrogen directly reacting with AP to form perchloric acid and so sudden 

ignition doesn’t occur but instead, the decomposition of nitroglycerine (thermal runaway) is observed 

during the ARC test. 

When Compositions A, B and C are aged and then subjected to ARC testing, there is once again a 

difference in the behaviour with respect to Composition A. 
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Compositions B and C, even when aged, show very similar behaviour in the ARC as shown in Figure 1 with 

thermal runaway starting from similar temperatures to that of the unaged material. The only exception to 

this is when Composition C has liquefied and very little stabiliser remains and then a drop in the 

temperature of the start of thermal runaway of the order of about 10°C  can be seen. 

However, when Composition A is aged, the temperature of sudden ignition can vary significantly from 

112°C – 130°C and it has been found that there is no relationship between ageing period, stabiliser and 

nitroglycerine concentration and temperature of sudden ignition 
9
. 

Furthermore, when some samples were retested using ARC after a period of time, the temperature of 

ignition changed with the majority giving an increase of the order of 5 - 10°C which was deemed to be a 

significant difference.  

It is known that Composition A is a highly filled propellant and that the particles are not homogeneously 

distributed within the propellant matrix but this variability of the temperature of sudden ignition is only 

seen with aged samples and never with the unaged material. 

Finally, some samples aged under certain conditions have exhibited thermal runaway behaviour but were 

not found to have different moisture contents to samples which suddenly ignite. Investigation into the 

reasons behind all of these observations are continuing but it is suggested that the following processes 

might be occurring during the ARC test: 

1. During ageing, the concentration of acidic species (such as nitric acid) increases (see Table 5) but the 

distribution of acid may not be homogeneous throughout the propellant matrix. As the ARC test uses 

only a small amount of material (0.25g), samples therefore could contain varying concentrations of 

acid leading to different temperatures of sudden ignition. 

2. Provided that some of the AP has degraded to hydrochloric acid, it is possible for the AP to react with 

the nitric acid to form perchloric acid which leads to sudden ignition (Equation 1). Therefore, the 

formation of nitric acid may not entirely prevent sudden ignition from occurring. 

 

 
Equation 1 

10 

3. If water is present, it could inhibit any reaction of AP by forming a layer on the surface of the crystals 
11

 or by diluting any perchloric acid. 

4. If low quantities of water are present, it may slow down the decomposition of the propellant but it 

cannot totally prevent the formation of perchloric acid which eventually leads to sudden ignition. 

5. However, if significant quantities of water (or as yet any other unidentified species) which are not 

totally driven off during the ARC test are present, then this may prevent the decomposition of AP into 

perchloric acid, stop the reaction of the oxides of nitrogen with AP or dilute any acid to the extent 

where it is not as reactive. In this situation, decomposition of nitroglycerine is the main reaction 

observed during the ARC test as thermal runaway. 

 

3.2 HPLC RESULTS 

Typical data regarding the concentration of stabilisers for the three compositions are shown in Tables 

2 – 4. 

Ageing Time (Days) 2-NDPA (%) pNMA (%) 

0 0.158 0.495 

7 0.148 0.232 

18 0.139 0.133 

25 0.126 0.029 

Table 2 – HPLC results for Composition A 

 

Ageing Time (Days) 2-NDPA (%) pNMA (%) 

0 0.150 0.394 

1 0.148 0.357 
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3 0.147 0.304 

5 0.139 0.201 

6 0.124 0.019 

11 Not determined 0.016 

Table 3 – HPLC results for Composition B 

 

Ageing Time (Days) 2-NDPA (%) pNMA (%) 

0 0.686 2.159 

7 0.639 1.459 

11 0.089 0.022 

13 Not determined 0.019 

Table 4 – HPLC results for Composition C 

 

Comparing Tables 2 – 4 it can be seen that the stabiliser depletion occurs at a much faster rate in the 

two compositions which do not contain AP and that after eleven days ageing, there is very little 

stabiliser remaining in Compositions B and C. 

 

3.3 MOISTURE AND ACIDITY ANALYSIS 

 

The change in the moisture content between unaged and aged samples is shown for a selection of 

samples in Table 5. 

 

Sample Average Change in Moisture Content (ppm) 

Composition A 25 days ageing -276 

Composition B 11 days ageing -300 

Composition C 7 days ageing -414 

Composition C  13 days ageing +5675.09 

Table 5 – Moisture content of samples 

 

The standard deviation for the Karl Fischer results shown in Table 4 was 120ppm. Therefore, there is 

no significant difference between the decreases in the moisture content for three of the four samples. 

The exception to this is the liquefied Composition C sample (thirteen days ageing), which shows a 

significant increase in the moisture content. 

 

When polyethylene glycol undergoes ageing, it reacts with atmospheric oxygen to produce water and 

other compositions such as formic acid 
12,13

 . This apparent decrease in the moisture content for the 

majority of aged samples suggests that either the water becomes more bound inside the polymer 

matrix during ageing or in the case of Compositions A and B, it absorbs onto the surface of the filler 

particles and so is not readily released during analysis. It is also possible that any water produced goes 

on to form nitrous or nitric acid and so is no longer available as free water until significant ageing has 

occurred. 

 

The pH of a few selected samples are at Table 6. 

 

Sample Average Change in Acidity Relative to Unaged Samples 

Composition A 25 days ageing -2.5 

Composition C 7 days ageing -2.1 
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Composition C 11 days ageing -3.4 

Composition C 13 days ageing -5.5 

Table 6 – pH  of samples 

 

Table 6 illustrates that upon ageing, compositions A and C become more acidic but this effect is more 

pronounced for Composition C which does not contain AP. This increase in acidity is to be expected as 

during the ageing process, PEG degrades to formic acid and the oxides of nitrogen which are not mopped 

up by the stabilisers can solubilise in any free water to form nitric and nitrous acid. As Composition A 

contains filler particles such as aluminum and a nitramine, as well as AP, it is not possible to understand the 

effect of AP on the acidity of the propellant samples in isolation from this set of results. However, upon 

ageing at 80°C, the AP might dissociate to form ammonia which could neutralise any acidic species (see 

Section 6). 

Finally, although AP is an oxidiser, in 2002, Celina et al. 14 reported that in mixtures with hydroxyl-

terminatedpolybutadiene (HTPB), AP might act as a limited oxygen inhibitor and so slow down the 

oxidation of the polymer. Further work is required to establish if this is the case for the nitroglycerine / PEG 

binder system in this study.  

 

3.4 GPC RESULTS 

Typical GPC data for the molecular weight at the maximum of the first peak in the GPC chromatogram for 

Compositions A, B and C are compared in Table 7. 

It should be noted that the average molecular weight of the binder in all three unaged compositions was 

around 6000. Due to the nature of the calibration, the values of the molecular weight are not deemed to 

be absolute. However, the numbers give an indication of any trends which maybe occurring. 

Sample Molecular Weight at Height of First Peak (Da) 

Composition A 25 days ageing 1238 

Composition B 11 days ageing 6090 

Composition C 13 days ageing 6175 

Table 7 – GPC data for three aged compositions 

The results in Table 7 show that although Compositions B and C have undergone significant ageing and 

have shown a marked decrease in their stabiliser levels (Table 2 and Table 3), as well as a high degree of 

softening in terms of their mechanical properties, there has been no change in the molecular weight of 

the PEG binder. Composition C had liquefied but despite this, there was no evidence of the polymer 

unzipping and the only process occurring in the two materials which did not contain AP was chain scission. 

However, when AP is present, any uncured PEG unzips and so the molecular weight falls significantly. In 

addition, the peak shape of the first peak in the twenty five day aged Composition A sample was very 

broad indicating that significant degradation of the polymer has occurred. 

It should be noted that the relative amounts of PEG in Compositions A and B is much lower compared with 

Composition C and upon ageing, there is only about 1% extractable PEG in Compositions A but in 

Composition C, the amount is about 4% after 7 days ageing and about 22% by the time 13 days have 

passed.  

The fact that Composition A contains only a very small amount of extractable PEG with a low molecular 

weight probably helps to explain the reason why these samples are still solid (albeit very soft) and have 

not liquefied after 25 days ageing. In addition, it is also possible that the AP provides some protection for 

the PEG by acting as a limited oxygen inhibitor resulting in very little uncured PEG in the propellant matrix.   

4. THE EFFECT OF AP 

 

5.1. THE EFFECT OF AP ON PEG 
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The results in Table 6 implied that the presence of AP in Composition A leads to a reduction in the 

molecular weight of PEG upon significant ageing. This is not surprising as it is well established that PEG 

readily undergoes oxidation in atmospheric air and as AP is an oxidiser, it can facilitate the process shown 

in Scheme 2.  

 

Scheme 2
 13

 

To look specifically at the effect of AP on PEG, a number of samples were prepared and subjected to four 

days ageing at 80°C before the molecular weight of the resultant polymer was measured and the results 

are at Table 8. 

Sample Molecular Weight at Height of First Peak 

(Da) 

PEG 4214 

PEG / AP 1140 

PEG / aluminum 4344 

PEG / nitramine 4613 

PEG / AP / aluminum / nitramine 1132 

Composition C 5107 

Composition C / AP / aluminum / nitramine 1824 

Table 8 – GPC data for three aged compositions 

Table 8 clearly shows that whenever AP is present, the molecular weight of the PEG falls significantly upon 

ageing 

5.2. THE EFFECT OF AP ON NITROGLYCERINE 

It is evident from Tables 6 and 7 that AP has a detrimental effect on the molecular weight of any uncured 

PEG in the compositions. As a result, it might be expected that Composition A would undergo degradation 

more rapidly than was observed. Efforts were then concentrated on trying to understand why this was not 

the case. 

It is known that nitroglycerine (NG) will readily undergo hydrolysis in an acid environment to yield 1,2-

dinitroglycerine and 1,3-dinitroglycerine. This process might start due to the inherent moisture in the 

propellant or in the case of the NG / PEG binder, water and acidic species can be produced when the PEG 

starts to break down.  When the degradation products of nitroglycerine are formed, further nitric acid is 

produced and so the process is autocatalytic if not inhibited 
15, 16

. 

A number of samples aged for eleven days at 80°C have been analysed for the relative amounts of 1,2- 

dinitroglycerine and 1,3-dinitroglycerine using NMR and are in Table 9. Absolute values are not quoted 
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due to the method of analysis used but the actual amounts of these degradation products in highly aged 

samples is less than 1% of the two degradation products. 

Sample 1,2-Dinitroglycerine 1,3-Dinitroglycerine 

Composition C  5.2 9.6 

Composition C / AP 4.3 6.7 

Uncured  Composition C 3.6 6.0 

Uncured Composition C / AP 1.0 1.1 

Table 9 – Relative amounts of nitroglycerine hydrolysis products 

Table 9 suggests that AP inhibits the hydrolysis of nitroglycerine. It is possible that AP reacts directly with 

nitric acid or that water adsorbs onto the surface of this compound slowing down or preventing the 

formation of nitric acid in the first place. 

To further investigate this, ion chromatography was carried out on samples of nitroglycerine (NG) mixed 

with triacetin (TA) and AP. The triacetin was used to desensitize the nitroglycerine but unfortunately it 

interfered with the analysis of the chloride and chlorate in the solutions and so these results are not 

included. The data are shown in Table 10. 

Sample Nitrate Concentration (ppm) 

2 days 80°C NG / TA 0.002 

2 days 80°C NG / TA / AP 0.016 

5 days 80°C NG / TA 0.010 

5 days 80°C NG / TA / AP 0.018 

2 days 80°C NG / TA 0.011 

2 days 80°C NG / TA / AP 0.020 

5 days 80°C NG / TA 0.039 

5 days 80°C NG / TA / AP 0.065 

Table 10 – Relative amounts of nitroglycerine hydrolysis products 

The results in Table 10 show that the samples aged in the presence of AP contain more nitrate than those 

without AP. Unfortunately, it is not possible to determine whether the nitrate is due to nitric acid, 

ammonium nitrate or other nitrate containing species using this technique. Attempts have been made to 

do this using NMR but have so far been unsuccessful and work is continuing to try and establish whether 

or not the exact nature of the nitrate species can be identified but it would appear from the acidity results 

to date that ammonium nitrate, rather than nitric acid, tends to form when AP is present. 

6. DECOMPOSITION PATHWAYS 

It can be seen from the work presented that AP has a detrimental effect on the molecular weight of the 

PEG binder once any uncured material is released from the matrix but it might afford some protection of 

the PEG binder and then hinder the hydrolysis of nitroglycerine. If this hydrolysis process is slowed down 

or prevented, then the stabiliser consumption will not be as rapid and the overall chemical decomposition 

of the propellant samples will occur more slowly. 

The reasons for this are complex and not yet fully clear but the reaction scheme 3 is proposed to explain 

why AP hinders the hydrolysis of nitroglycerine. The nitrous acid is presumed to be generated from the 

oxides of nitrogen which result from the degradation of nitroglycerine solubilising in any water present in 

the composition. 
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Scheme 3 

In addition, water and other acidic species may adsorb onto the surface of AP, preventing this compound 

from degrading and so slowing down the reactions which ultimately lead to the decomposition of the 

propellant.  

The combination of all of these factors might help to explain why Composition A appears to age less 

rapidly than Compositions B and C which do not contain AP. 

7. CONCLUSIONS 

From the work conducted to date on Compositions A, B and C, it is evident that AP plays an important role 

when it comes to understanding the degradation mechanisms of Composition A. 

The presence of this compound affects the thermal behaviour at elevated temperatures and results in the 

sudden and violent decomposition of the propellant during the ARC test. If AP is not present, however, the 

thermal degradation of the composition is more gradual and predictable.  

The fact that little soluble PEG can be extracted from highly aged samples of Composition A compared 

with Composition C suggests that the AP might act as a limited oxygen inhibitor or provides an active site 

for water and acidic species to adsorb onto which affords the nitroglycerine / PEG binder some protection. 

Further work is needed to fully establish whether or not this is the case. However, it is clear that if there is 

any soluble PEG available, this will readily unzip in the presence of AP leading to a decrease in the 

molecular weight of the polymer which will adversely affect the mechanical properties of the propellant.  

It is also possible that AP inhibits the acid hydrolysis of nitroglycerine which in turn slows down the 

stabiliser depletion processes compared with when AP is not present. A reaction scheme for this has been 

proposed but further research is required to fully understand this aspect of the ageing behaviour of the 

energetic materials studied in this programme of work.    
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ABSTRACT 

Temperature histories of some guanidinium 

1,5’-bis-1H-tetrazolate (G15B)/ammonium nitrate 

(AN)/additive mixtures during linear burning rate 

tests under N2 atmosphere with gauge pressure 

between 1~ 5 MPa and temperature at 298 K were 

measured by using K-type thermocouple (φ 25 µm) 

that was embedded into each burning pellet sample. 

Additive that was added (5 wt.%) to the 

stoichiometric G15B/AN mixture was one of : 

manganese dioxide MnO2, copper Cu, copper(I) 

oxide Cu2O, copper(II) oxide CuO, basic cupric 

nitrate (BCN), silicon dioxide SiO2, activated carbon 

(AC) or sodium chloride NaCl. The temperature 

histories, together with the estimated values of the 

burning surface temperature, thickness and average 

temperature gradient of the condensed phase zone, 

and temperature gradient at the burning surface under 

a given mixture and initial gauge pressure, generally 

demonstrated fluctuations, which may reflect the 

irregularities within the condensed phase zones of 

G15B/AN/additive mixtures. It was also shown that 

the estimated thickness of the condensed phase zone 

for G15B/AN/additive mixtures at 2 MPa were 

generally thinner, the average temperature gradient 

within the condensed phase zone were generally 

greater, and the temperature gradient at the burning 

surface were generally smaller than those of 

stoichiometric ratio G15B/AN mixture. 

 

1 INTRODUCTION 

There have been a number of researches and 

developments throughout the years regarding 

ammonium nitrate (AN) based gas generating agents 

for automobile airbag inflators (Kumasaki et al. 

(2001), Miyata et al. (2008)a, Miyata et al. (2008)b, 

Date et al. (2009)a, Date et al. (2009)b, Date et al. 

(2011)). We have been studying on the AN-based 

mixture composed of guanidinium 

1,5’-bis-1H-tetrazolate (G15B), a double-ring 

tetrazole compound, as a fuel, and we have mixed 

G15B/AN mixtures with various additives for 

improvement of combustion characteristics. Having 

examined the burning characteristics extensively 

through linear burning rate tests and closed vessel 

tests (Date et al. (2009)a, Date et al. (2009)b, Date et 

al. (2011)), we have found that manganese dioxide 

(MnO2), copper (Cu), copper(I) oxide (Cu2O), 

copper(II) oxide (CuO), basic copper nitrate (BCN), 



copper phthalocyanate (CuPc), activated carbon (AC), 

sodium nitrate (NaCl), chromium oxide (Cr2O3) and 

silicon dioxide (SiO2) were shown to improve 

ignitability of stoichiometric ratio G15B/AN mixture, 

and that some copper based additives, i.e. Cu,Cu2O, 

CuO and BCN, together with AC dramatically 

improves the combustion characteristics of 

stoichiometric ratio G15B/AN mixture, exceeding 

linear burning rate and pressure rise rate of guanidine 

nitrate/strontium nitrate/BCN mixture (Satoh et al. 

(2002)).  

In this study, temperature histories of some 

G15B/AN/additive mixtures were measured to 

estimate the burning mechanism of the mixtures. 

 

 

2  EXPERIMENTAL 

2.1 Reagents 

G15B was purchased from Toyo Chemicals Co., Ltd. 

Manganese dioxide MnO2, activated carbon (AC), 

AN (purity: 99.0%), Cu2O (purity: 99.0%), CuO 

(purity: 99.9%), strontium nitrate (SrN) (purity: 

99.5%) and NaCl (purity 99.9%) were purchased 

from Kanto Chemicals Co., Ltd. Cu (purity 99.9%, 

average particle size 10 µm) was purchased from 

Rare Metallic Co., Ltd. Guanidine nitrate (GN) was 

purchased from Alfa Aesar. Basic cupric nitrate 

(BCN) was purchased from Nihon Kagaku Sangyo 

Co., Ltd. Particle size of G15B and GN were 

controlled between 45〜75 µm, and the particle size 

of NH4NO3 and NaCl were controlled between 75〜
149 µm; each of them through milling and sieving 

process, but Cu, Cu2O, CuO and BCN were used 

without sieving. The powders were then dried 

separately in vacuo for 24 hours at room temperature 

and they were then stored in dessicators for at least 

24 hours. 

 

2.2 Preparation of the Mixtures and the Pellets 

G15B, AN and additives were mixed at one of the 

mixing ratios as given in Table 1, by using a rotary 

mixer. The mixtures were then dried again in vacuo 

for 24 hours at room temperature and they were then 

stored in desiccators. One gram of each dried mixture, 

embedded with a K-type thermocouple (diameter 25 

µm), was pressed by a hydraulic press at 80 MPa for 

1 minute to produce a cylindrical pellet (diameter 

10.5 mm) for the burning test. The surface of each 

pellet was then coated with adhesive bond Cemedine 

C (Cemedine, Co. Ltd.) and then dried, to serve as a 

restrictor to ensure end-burning of the sample. 

 

Table 1.  Mixing ratios of G15B/AN/additive mixtures (units in wt.%) 

Sample 
G15B/ 

AN 

 

+ MnO2 
+ Cu  

 

+ Cu2O 

 

+ CuO 

 

+ BCN 

 

+ SiO2 

 

+ AC 

 

+ NaCl 

G15B  20.59  20.59  20.59  20.59  20.59  20.59  20.59  20.59 20.59 

AN 79.41  79.41  79.41  79.41  79.41  79.41  79.41  79.41 79.41 

MnO2  ― 5.00 ― ― ― ― ― ― ― 
Cu ― ― 5.00  ― ― ― ― ― ― 

Cu2O  ― ― ― 5.00  ― ― ― ― ― 
CuO ― ―  ― ― 5.00  ― ―  ― ― 



BCN ― ― ― ― ― 5.00  ― ― ― 
SiO2  ― ― ― ― ― ― 5.00 ― ― 
AC ― ― ― ― ― ― ― 5.00 ― 

NaCl ― ― ― ― ― ― ― ― 5.00 

2.3 Temperature History Measurement 

The temperature history measurements of the 

mixtures were carried out by using a chimney-type 

strand burner TDK-15011 (Tohata Denshi Co., Ltd.). 

A prepared sample pellet was placed on a platform of 

a strand holder and the ignition of the pellet was 

carried out through electrically heated nickel/chrome 

wire (diameter 0.6 mm) in N2 atmosphere. For the 

burning test, the initial gauge pressure of N2 

atmosphere was controlled at 1, 2 or 5 MPa for all 

mixtures except the mixture with NaCl as an additive 

(in this case, 1, 2, 3 or 5 MPa), and the temperature 

of the thermostat bath which house the chamber was 

controlled at 298 K. The electric signal acquired 

from a K-type thermocouple during the burning of 

the pellet was amplified through CDV-700A signal 

conditioner (Kyowa Dengyo, Co. Ltd), which was 

then recorded on a data recorder (NR-2000, Keyence, 

Corp.) and stored on a personal computer. An 

acquired voltage-time curve was converted to 

temperature-time curve through calibration. The 

linear burning rate of each sample pellet was also 

measured during (the method could be found in Date 

et. al. (2007)), to convert each temperature-time 

curve into temperature-distance curve. From the 

acquired temperature history of each sample, the 

burning surface temperature Ts, together with the 

onset temperature of the condensed phase Tm, was 

estimated according to the method by Sabadell et al., 

and the thickness D, and the average temperature 

gradient of the condensed phase zone (∆T/∆x)m, 

together with the temperature gradient at the burning 

surface (dT/dx)g, were determined. The respective 

experimental values for each mixture and initial 

gauge pressure were compared. 

 

3. RESULTS AND DISCUSSION 

3.1 Measurement of Temperature Profiles 

Figures 2 (a) – (h) give the results of the effect of 

additives and initial gauge N2 pressure on the 

temperature histories of G15B/AN/additive mixtures. 

Even though the burning tests were carried out as 

much as possible, it was possible only with 

G15B/AN/CuO mixture to acquire two data at each 

initial gauge pressure. For those data that were 

possible to acquire two data for the same mixture and 

initial pressure, it was shown that the temperature 

histories demonstrated different results, which may 

reflect the irregularities within the condensed phase 

zones of G15B/AN/additive mixtures. Table 2 

summarizes the results. Here also, there were 

fluctuations in the estimated values of the burning 

surface temperature, thickness and average 

temperature gradient of the condensed phase zone, 

and temperature gradient at the burning surface in the 

pressures that were studied even with the same 

sample that were acquired twice. Such fluctuations 

agreed with the results of Sinditskii et al (2005).  

It was also shown that the estimated surface 

temperature generally increased with an increase in 

N2 pressure; the estimated thickness of the condensed 

phase zone for G15B/AN/additive mixtures at 2 MPa 

were generally thinner; the average temperature 

gradient within the condensed phase zone were 

generally greater; and the temperature gradient at the 

burning surface were generally smaller than those of 

stoichiometric ratio G15B/AN mixture. 

The temperature histories, together with the 



estimated values of the burning surface temperature, 

thickness and average temperature gradient of the 

condensed phase zone, and temperature gradient at 

the burning surface under a given mixture and initial 

gauge pressure, generally demonstrated fluctuations, 

which may reflect the irregularities within the 

condensed phase zones of G15B/AN/additive 

mixtures. It was also shown that the estimated 

thickness of the condensed phase zone for 

G15B/AN/additive mixtures at 2 MPa were generally 

thinner, the average temperature gradient within the 

condensed phase zone were generally greater, and the 

temperature gradient at the burning surface were 

generally smaller than those of stoichiometric ratio 

G15B/AN mixture at 2 MPa. 
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Figure 2 (a) Typical temperature history of burning G15B/AN/MnO2 pellet 
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Figure 2 (b) Typical temperature history of burning G15B/AN/Cu pellet 
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Figure 2 (c) Typical temperature history of burning G15B/AN/Cu2O pellet 
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Figure 2 (d) Typical temperature history of burning G15B/AN/CuO pellet 
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Figure 2 (e) Typical temperature history of burning G15B/AN/BCN pellet 
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Figure 2 (f) Typical temperature history of burning G15B/AN/SiO2 pellet 
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Figure 2 (g) Temperature history of burning G15B/AN/AC pellet 
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Figure 2 (h) Typical temperature history of burning G15B/AN/NaCl pellet 

 

 

 

 

 

Table 2. Summary of temperature history data for G15B/AN/additive mixtures 

(⊿T/⊿x)m  (dT/dx)g 
Sample P [MPa] Tm [K] Ts [K] D [mm] 

[×10
3 
K mm

-1
] [×10

3 
K mm

-1
] 

G15B/AN 2 465  976  0.468  1.09  23.77  

+MnO2 1 417  462  0.102  0.44  0.94  

+MnO2 2 505  784  0.038  7.38  5.62  

+MnO2 2 455  786  0.097  3.42  7.72  

+MnO2 5 521  780  0.026  9.88  11.28  

+Cu 1 352  879  0.324  1.63  9.65  

+Cu 2 383  864  0.098  4.89  8.29  

+Cu 5 341  509  0.203  0.82  2.31  

+Cu2O 1 364  780  0.120  3.47  9.76  

+Cu2O 2 323  564  0.125  1.93  9.82  

+Cu2O 5 353  878  0.108  4.87  12.45  

+CuO 1 351  497  0.084  1.74  9.43  

+CuO 1 352  732  0.229  1.66  11.89  

+CuO 2 311  846  0.227  2.35  8.75  



+CuO 2 317  627  0.118  2.62  7.18  

+CuO 5 353  880  0.135  3.90  15.66  

+CuO 5 337  479  0.118  1.20  5.61  

+BCN 1 319  740  0.175  2.41  5.89  

+BCN 2 434  883  0.34  1.33  4.63 

+BCN 5 356  575  0.062  3.50  11.54  

+BCN 5 392  977  0.14  4.27  6.47  

+SiO2 2 405  606  0.122  1.65  5.03  

+SiO2 2 433  755  0.055  2.85  5.11  

+SiO2 5 440  563  0.232  0.53  1.42  

+AC 1 316  933  0.110  2.94  3.16  

+AC 2 365  835  0.075  6.23  10.60  

+AC 2 344  787  0.132  3.37  15.31  

+AC 5 317  570  0.061  4.14  9.44  

+NaCl 2 430  644  0.180  0.31  0.04  

+NaCl 3 382  830  0.201  2.23  0.29  

+NaCl 5 408  1180  0.291  2.65  7.24  

 

 

 

 

 

3.2  Suggested burning mechanism 

Sinditskii et al. (2005) have observed the similar 

fluctuation in the burning surface temperature as 

given in 3.1, and they have postulated that tetrazole 

“burns in an unusual regime” in which “periodical 

build-up of a decomposition product in the surface 

layer” occurs, which is then “periodically removed to 

clean the burning surface”. Date et al. (2009)c have 

suggested the similar burning mechanism for 

G15B/CuO mixture, where G15B may have 

decomposed to periodically form melamine 

derivatives that subsequently melted to spread out 

and cover the burning surface before they are 

removed. Figure 3 shows the estimated burning 

mechanism for GN/AN/CuO mixture, involving a 

similar mechanism, causing the fluctuation in 

temperature histories, together with the estimated 

values of the burning surface temperature, thickness 

and average temperature gradient of the condensed 

phase zone, and temperature gradient at the burning 

surface. It may also be possible for the formation of 

BCN and Cu[NH3]3NO3 from dissolved CuO in the 

condensed phase in which the former is estimated to 

accelerate the exothermic decomposition of AN 

(Miyata (2009), Ohtake (2013)), whose product may 

undergo redox reaction with decomposed gaseous 

product of polymers formed by the polymerization of 

G15B decomposition product NH2CN. Further study 

would be needed for more detailed mechanism of the 

mixture as well as other mixtures.

 



 
 

 

 

4. CONCLUSIONS 

Temperature histories of some guanidinium 

1,5’-bis-1H-tetrazolate (G15B)/ammonium nitrate 

(AN)/additive mixtures during linear burning rate 

tests under N2 atmosphere with gauge pressure 

between 1~ 5 MPa and temperature at 298 K were 

measured and it was shown that the temperature 

histories, together with the estimated values of the 

burning surface temperature, thickness and average 

temperature gradient of the condensed phase zone, 

and temperature gradient at the burning surface under 

a given mixture and initial gauge pressure, generally 

demonstrated fluctuations, which may reflect the 

irregularities within the condensed phase zones of 

G15B/AN/additive mixtures. It was also shown that 

the estimated thickness of the condensed phase zone 

for G15B/AN/additive mixtures at 2 MPa were 

generally thinner, the average temperature gradient 

within the condensed phase zone were generally 

greater, and the temperature gradient at the burning 

surface were generally smaller than those of 

stoichiometric ratio G15B/AN mixture at 2 MPa. 
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ABSTRACT 

Thermite reactions are often used, when a high 

amount of thermal energy shall be released 

accompanied with a low gas production rate. A 

particular application appears with respect to 

incendiaries to combat toxic clouds that also use 

ambient air. Basing on the method of Ellingham a 

matrix evaluation of solid elements covering nearly 

the complete periodic table in combination with about 

250 oxides were performed and the possible reactions 

were listed ranked by mass specific heat of reaction. 

So, more than 12000 reactions were considered. The 

elements Al, Mg, Ti, and Zr were selected for an 

experimental screening in combination with a list of 

oxides (BaO, Bi2O3, CrO2, CuO, Fe2O3, MnO2, MoO2, 

MoO3, NiO, PbO, PbO2, SiO2, TiO2, WO3). Tests were 

performed in a window bomb under nitrogen gas to 

characterize the reaction and temperature from 

spectroscopic emission. The results are discussed also 

with respect to thermodynamic equilibrium 

calculations using EKVI-code. Additionally the same 

mixtures were burnt in free atmosphere to test the 

influence of air. Under this condition the reaction 

temperatures were found significantly higher by 

several hundred Kelvin demonstrating the capability 

of secondary reactions of the products of the primary 

thermite reactions with air.  

1. INTRODUCTION 

In the recent world-wide situation of asymmetric 

threats it cannot be excluded that single nations or 

terrorists set chemical or biological warfare agents 

free to underline their extremist ideas. But also 

chemical industries operate with hazardous and toxic 

substances that may be released into the atmosphere 

caused by an accidental malfunction. As most tragic 

event the Bhopal disaster of 1984 is still aware 

(Ramana and Dhara 2002), (Eckerman 2001). Such 

releases will form toxic clouds with the potential to 

kill a large number of people if no qualified 

countermeasures will be induced betimes. One 

possibility to combat such toxic clouds is to combust 

the toxic substances or to destroy their chemical 

structure using heat produced by a pyrotechnic mass 

(Weiser et al. 2005). Most toxic organic substances 

and nearly all chemical and biological warfare agents 

are able to burn in an exothermic way with air or 

decompose when exposed to temperatures of more 

than 600 K over a period of several seconds. This 

requires applicable pyrotechnic incendiaries that are 

able to interact with such clouds in an adequate 

manner (Weiser 2009). 

When a toxic cloud is released it starts expanding and 

will be diluted by air forming a combustible mixture 

with a strongly inhomogeneous distribution. In ideal 

case a low mass of incendiary only has the task to 

ignite the toxic fuel by locally providing ignition 

temperature. In realistic scenarios much more 

incendiary mass is required due to unknown ignition 

energy and inhomogeneous fuel/air mixing. 

In general an incendiary to combat a toxic cloud in air 

has to fulfil a multitude of requirements. Following 

list summarizes the ideas published by Weiser (2009): 

• Good dispersion of incendiary particles before or 
during ignition in a largest possible volume 

• Avoiding shock wave or expanding of the toxic 
cloud 

• Complete mixing with the cloud during combustion 

• High heat release and hot burning temperatures  

• Slow reaction velocity 

• Carrier of catalyst, additional oxidizer 

• Ignition and promotion of combustion of toxic 
agents with atmospheric air 

Physical and chemical ideas to achieve these 

requirements are: 

1. Production of granular incendiary particles that will 
be shot into the cloud carried in one or several 

projectile shells that eject the particles to penetrate 

the cloud using a charge that also ignites the 

particles similar to a firework shell. 

2. Selection of reactants with highest possible heat 
release rate per mass.  
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3. Moderate burning velocity for an as long as 
possible exposure time. 

4. Selection of components reacting in a primary step 
to a new fuel that is able to react exothermically 

with air in a secondary step. 

5. Most toxic agents are also fuels able to burn in air 
(Claude et al. 2002). The incendiary has to ignite 

and promote this maybe in combination with the 

production of catalytic agents. 

Thermite type reactions are usually used when high 

quantities of heat on high temperature level should be 

produced with low gas release (Fischer and Grubelich 

1998, Wang 1993). They can be described as 

exothermic chemical reactions where the metal (M
1
) is 

oxidized by another metal-oxide (M
2
x2Ox3) to form the 

more stable metal-oxide (M
1
x4Ox5) and resulting metal 

(M
2
) or alloy. The overall reaction equation is given as 

(Weiser 2010): 

2
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x
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x
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x
M

x
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xxxx +→+

 [1] 

This paper will concentrate on the selection of 

appropriate thermite type reactions as a possible main 

energetic ingredient of pyrotechnic incendiaries to 

combat toxic clouds. Additionally some experimental 

investigations are reported to underline the capacity to 

use ambient air for additional heat production. 

2. RANKING OF POSSIBLE REACTIONS 

Fischer and Grubelich (1998) have calculated the 

thermo-chemical properties of thermite combustion 

for about 200 metal-oxidizer reactions. Their selection 

of reactants covers most prominent substances but is 

far away from completeness. The aim of this work is 

to study a more comprehensive number of 

element/oxide combinations (more than 12000) on 

feasibility and effectiveness and to find out the 

maximum possible heat release. For this a small 

computer code fed with the thermodynamic data of 

about 250 oxides taken from the database of 

Binnewies (2002) was used to estimate the possibility 

of reaction of nearly most elements of the periodic 

system in combination with most thinkable stable 

oxides based on the idea of Ellingham (1944). He 

proposed to calculate Gibbs energy from enthalpy and 

entropy for the oxidation of an element with ½O2. The 

results of such calculation can be used to create a 

ranking for the oxidation of each element with regard 

to Gibbs energy. Combining two oxidation reactions 

of metals M
1
 and M

2
 (Eq. [2] and Eq. [3]) results in a 

thermite reaction Eq. [1].  
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  [3] 

If the Gibbs energy of Eq. [2] is lower than that of Eq. 

[3] the combined reaction described by Eq. [1] is the 

self-sustaining reaction. This way, couples of M1 and M2-

oxides can be chosen on the basis of Gibbs energy from the 

ranking of the oxidation of elements with pure oxygen 

(Ellingham (1944)). 

E.g.: if aluminium is chosen as M
1
 and iron as M

2
, the 

well-known thermite reaction of Al with Fe2O3 results 

Eq. [4]. 

FeOAlOFeAl
3

2

3

1

3

1

3

2
3232 +→+   [4] 

The enthalpy of the combined reaction is the 

difference between the reaction enthalpies of Eq. [2] 

and Eq. [3]: ∆RH = ∆RH
1
 – ∆RH

2
. Then the reaction 

enthalpy can be used for a new ranking of the thermite 

reactions.  

In respect of the application for an incendiary to 

combat toxic clouds that has to be carried into the 

cloud e.g. using a missile or a grenade shell the 

reaction enthalpy per reactant mass is of critical 

interest. 

Figure 1 and 2 summarizes the results for the 10 

elements Be > Li > Al > Mg > Sc > B > Si > Ca > Ti 

> Y > Zr that appears first in the resulting ranking as a 

function of the first 50 oxides in descending order of 

∆RH. The oxides are listed in Table 1 and 2. Only 

oxides had been considered that are solid at standard 

conditions. When an oxide appears several times 

different oxides of M
1
 were considered. 

The largest heat of reaction is produced by 

NaBeONaOBe
2

1

2

1
2 +→+    [5] 

with an absolute value of -13.9 MJ/kg. This is a factor 

of 3.5 higher than the standard thermite reaction [4] of 

about 4 MJ/kg. Of course this reaction is inconvenient 

due to the toxicity of Beryllium and the deliquescence 

of sodium superoxide. Unfortunately such concerns as 

well as radioactivity, stability problems, availability 

questions or cost statements limit the application of 

most thermite reactions ranked above 5 MJ/kg. 

For technical application the elements Al, Mg, B, Si, 

Ti and Zr appear to be most preferable. 

For the aimed application as incendiary operating in 

ambient air a second important aspect is the heat of 

combustion of the produced metal. Figure 3 lists the 

values of the oxides of the most effective metals from 

Table 1 and 2 in alphabetical order. The highest heat 

release features oxides of lithium, boron and calcium. 

In respect to handling and technical application also 

oxides of manganese, molybdenum and iron permit to 

be profitable. 
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Table 1: Ranking of oxides producing highest 

possible heat of thermite reaction using Be, 

Li, Al, Mg and Sc according to Figure 1. 

No Be Li Al Mg Sc 
1 

2 

3 
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21 
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27 

28 

29 
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Figure 1: Heat of reaction produced by the 

elements Be, Li, Al, Mg and Sc with the oxides 

listed in Table 1. 

 

Table 2: Ranking of oxides producing highest 

possible heat of thermite reaction using B, Si, 

Ca, Ti, Y, and Zr according to Figure 2. 

B Si Ca Ti Y Zr 
NaO2 

O3Se 

KO2 
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Figure 2: Heat of reaction produced by the 

elements B, Si, Ca, Ti, Y, and Zr with the 

oxides listed in Table 2. 
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Figure 3: Heat of combustion of the elements 

produced by a thermite reaction with highest 

heat release according to Figure 1 and 2. 

3. EXPERIMENTS 

To underline these principal considerations and 

especially to validate the effect of the possibility of the 

co-combustion with air an experimental screening was 

arranged using the elements Al, Mg, Ti, and Zr in a 

matrix of the oxides BaO, Bi2O3, CrO2, CuO, Fe2O3, 

MnO2, MoO2, MoO3, NiO, PbO, PbO2, SiO2, TiO2, 

WO3. At least when standard particles were used B 

and Si proved to be difficult to ignite. Tests were 

performed both in a window bomb under nitrogen gas 

and in ambient air to characterize the reaction and 

temperature from spectroscopic emission. To measure 

temperature the spectra taken by two UV/Vis/NIR-

MMS-spectrometer produced by ZEISS were 

evaluated using ICT-BaM procedure described in 

Weiser (2005). The error of temperature measurement 

is assumed to be less than 5%. 

3.1 Temperature of Pure Thermite Reactions 

In Figure 4 the maximum temperatures of the pure 

thermite type reactions measured in nitrogen are 

correlated with the adiabatic temperature of each 

metal/oxide combination calculated with EKVI-code 

(Noläng (2004)) using the assumption of chemical 

equilibrium. Calculated temperatures are wide above 

2500 K up to 4200 K for Zr/MoO3 that is the highest 

value predicted in the studied matrix. The measured 

emission temperatures are predominantly lower 100 to 

1700 K. First this might be caused by the cooling 

through the nitrogen purge gas. Also radiative heat 

loss estimations prove that depending on the absolute 

temperature a reduction up to 800 K may be 

reasonable. This correlates widely with most 

reactions. But especially the discrepancy of the 

reaction with PbO2 of 1200 to 2000 K cannot be 

explained by this and indicates imperfect reaction. 
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Figure 4: Maximum temperature measured with 

selected thermite reactions in correlation to the 

adiabatic temperature calculated with EKVI-

Code. 

3.2 Afterburning with Ambient Air 

On most thermite reactions hot glowing particles of 10 

to 500 µm are ejected by gas expansion due to sudden 

temperature increase. Figure 5 shows this for the 

example of Al/Fe2O3. These mainly liquid particles 

stay glowing for hundreds of milliseconds due to 

ongoing reactions of sub-oxides and produced metal 

(Weiser (2010)). This behaviour is perfect to infiltrate 

toxic clouds without expanding it. 

  

Figure 5: Classical thermite reaction of aluminium 

with iron-III-oxide (left) ejecting iron-rich 

particles into the ambient atmosphere (right). 

On the other hand a fully developed toxic cloud will 

also be mixed with ambient oxygen that will be able to 

re-oxidise the produced metal. This demonstrates 

Figure 6 comparing emission spectra taken from the 

Al/Fe2O3 reaction in nitrogen (red) and in air (black). 

Beside lines of iron and systems of gaseous AlO di-

atomic systems the spectra of the reaction in air 

additionally feature FeO systems of iron oxidation 

(Knapp (2012)), that clearly indicate the re-oxidation 

of iron. 
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Figure 6: UV/Vis emission spectra of Al+Fe2O3 

reacting in nitrogen and air. 

This exothermic afterburning with air is also evident 

in the temperature histories of thermite reactions 

taking place either in nitrogen or air. Figure 7 presents 

such results for the reaction of Al and Mg with MnO2. 

In each case two tests were performed resulting in an 

excellent reproducibility. The radiation temperatures 

measured in air are at least 600 K higher than those in 

nitrogen. The reaction continues for a significantly 

longer time that is also very preferable for an 

application as countermeasure to toxic clouds. Those 

ingredients need a certain time of high level 

temperature for degradation kinetics. 
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Figure 7: Temperature history of Al+MnO2 and 

Mg+MnO2 reacting in nitrogen and in air. 

Figure 8 compares the maximum temperatures of all 

investigated thermite mixtures measured in air and in 

nitrogen. Again the drastical increase of temperatures 

of several hundred Kelvin measured in air 

demonstrates the exothermic combustion of the metals 

reduced during the thermite reaction. Thermites 

containing aluminium in combination with MoO3, 

WO3 or Fe2O3 looks most preferable. But also some 

combinations with PbO2 profit by the afterburning in 

air. 

 

Figure 8: Maximum temperature of various 

thermite reactions measured in air versus 

measured in nitrogen. 

4. CONCLUSIONS 

Thermite type reactions offer a promising approach as 

main ingredient for incendiaries to combat toxic 

clouds. These so-called solid state reactions appear 

particularly preferable concerning their large mass 

specific heat release, high reaction temperatures and 

the ability to eject hot particles that are able to react 

exothermically with ambient air. 
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ABSTRACT 

Molecular dynamic (MD) simulation was employed to 
predict the melting points Tm of TNAD/HMX, TNAD/RDX, 
TNAD/DINA and TNAD/DNP systems. The Tm was 
determined from the inflexion point on the curve of mean 
specific volume vs. temperature. The result shows that the 
Tm values of TNAD/HMX, TNAD/RDX, TNAD/DINA 
systems are 500K, 536K, 490K, respectively. The 
TNAD/DNP has no inflexion point, which shows the system 
is incompatible. Using the melting point Tm, the 
compatibility of the four systems are analyzed. The radial 
distribution functions (RDF) of the four systems were 
analyzed and the main intermolecular forces between TNAD 
and other energetic components are van der Waals 
interactions. The better the compatibility is, the stronger the 
intermolecular interaction is. In addition, the force field 
energy at different temperature was also analyzed.  

1. INTRODUCTION  

For a binary system, melting points are not 
appropriately estimated by the group contribution 
method [1]. Recently, the molecular dynamics (MD) 
simulation has been applied to predict the melting 
point [2-3]. The explosive tans-1,4,5,8-tetranitro-
1,4,5,8-tetraazadacalin (TNAD) is characterized as a 
promising high energy density material. Yan et al. [4] 
studied the compatibility of TNAD with some 
commonly used energetic materials. Figure 1 gives the 
molecular structure of TNAD. 
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Figure 1 TNAD structure 

MD calculations were performed to investigate the 
melting point of binary blending systems 
TNAD/HMX, TNAD/RDX, TNAD/DNP and 
TNAD/DINA. The changes in the melting point were 
investigated. Using the simulated Tm, the 
compatibility of the four blending systems were 
analyzed. Further, radial distribution function and 
force field energy were also investigated.This is the 
second paragraph in a chapter. The text content here is 
just for adding some lines to show the block character 
of each paragraph. 

2. MODEL CONSTRUCTION AND 

SIMULATION DETAILS 

Four blending amorphous cells were constructed. Each 
amorphous cell consists of about 1700 atoms. 
TNAD/HMX cell consists of 28 TNAD molecules and 
30 HMX molecules (Denote as 28/30). TNAD/RDX: 
28/40; TNAD/DNP: 22/40; TNAD/DINA cell: 28/36. 
The mass ratios of TNAD to HMX, RDX, DNO and 
DINA are all 1:1. The initial densities are obtained 
according to the additivity of volume ratio for 
TNAD/HMX, TNAD/RDX, TNAD/DNP and 
TNAD/DINA blends. Because of configurational 
diversity, for each pure amorphous cell and each 
blending amorphous cell, 10 different amorphous cells 
were constructed as the object of the next 
investigation. 

The geometric optimization was performed by 
COMPASS forcefield [5]. Annealing treatment was 
performed for the amorphous molecular models by the 
isothermal-isobaric molecular dynamic simulations 
(NPT-MD) method. The temperature range for the 
molecular simulation was set from 300K to 600K, 
then from 600K to 300K with an interval of 25K.  

At the stage of cooling from 600K to 300K, the NPT-
MD simulation is performed in the normal pressure 
and temperature (NPT) with Andersen thermostat 
method [6] and Berendsen barostat method [7] to 
control the system pressures and temperatures. MD 
simulation cooled 25K at each stage, the final 
equilibrium structure of MD simulation before one 
phase was taken as the initial structure of the next MD 
simulation. A fixed time step of 1fs was used in all 
MD simulations. At each temperature, systems were 
first relaxed for 50 ps by NVT assemble, followed by 
a production run of 200 ps NPT-MD simulation. 
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followed by a production run of 200 ps NPT-MD 
simulation. The data from the production run were 
collected. 

3 Results and discussion 

3.1 Melting point of TNAD 

In the process of melting phase transition, many 
physical properties have changed drastically. Up to 
date, for melting phase transition, no perfect theory 
can give the correct explanation that is consistent with 
experimental facts completely [24]. Obviously, 
volume changes as the temperature changes in melting 
phase transition. Melting point is the temperature at 
which the volume comes to critical point as it changes 
from solid to liquid state. So the melting point Tm is 
determined by the inflection point on the curve of 
volume vs. temperature. 

In order to validate the correctness of the method, the 
melting point of TNAD is predicted by the curve of 
mean specific volume and temperature, which is 
obtained by NPT-MD simulation from 300K to 600K. 
Two straight lines were obtained by least square 
fitting and the intersection of two lines is the melting 
point temperature Tm (Figure 2). From Figure 2, the 
Tm value obtained by MD simulation is 510 K for 
TNAD and the experimental melting point of TNAD 
is 512 K [17]. Obviously, the Tm value obtained by 
MD simulation is closer to the experimental Tm, 
which shows that the method to obtain Tm by MD 
simulation is reliable. 
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Figure 2  Specific volume of NPT dynamic versus 
temperature for RDX and TNAD 

3.2 Melting points of blends 

In this paper, the melting point temperatures of 
TNAD/HMX, TNAD/RDX, TNAD/DNP and 
TNAD/DINA blends were obtained by the curve of 
mean specific volume versus temperature, which was 
obtained by NPT-MD simulation from 300K to 600K. 
Two straight lines were obtained by least square 
fitting and the intersection of two lines is the melting 
point temperature Tm (Figure 3). From Figure 3, the 
Tm values obtained by MD simulation are 500 K for 
TNAD/HMX blend, 536 K for TNAD/RDX blend, 
and 488 K for TNAD/DINA blend. But for 
TNAD/DNP blend, it is noted that there is no obvious 

inflection point, which means that the system has no 
obvious melting point.  
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Figure 3 Specific volume of NPT dynamic versus 

temperature for different configuration of 

TNAD/HMX, TNAD/RDX, TNAD/DNP and 

TNAD/DINA blends 
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The Tm of the blend can be also used to judge 
whether the blends are compatible or not [17]. When 
the blends are compatible completely, the system only 
has one Tm value, which is in between the Tm values 
of two pure components. If the blends are 
incompatible completely, the system has no obvious 
Tm value. If the blends are compatible incompletely, 
the Tm values of different components close to each 
other because of the mutual diffusion. The better the 
compatibility is, the closer Tm value is.  

From Figure 3, it is noted that TNAD/DNP blend 
has no obvious Tm because of the incompatibility 
between TNAD and DNP.  For TNAD/DINA and 
TNAD/RDX blends, the experimental Tm values are 
493 K and 515 K [17], respectively. While the Tm 
values obtained by MD simulation are 488 K and 536 
K, respectively, this shows that the results by MD 
simulation are agreement with the experimental results 
[17].  

Table 1 listed the experimental Tm of pure 
TNAD, HMX, RDX, DINA and DNP. The 
experimental and simulated Tm of TNAD/HMX, 
TNAD/RDX, TNAD/DNP and TNAD/DINA blends 
are also listed. 

Table 1 The melting points Tm (K) of the four 

systems and the pure compounds 

Blend Tm 

(vol.)b 
Expta Comp. Tm 

(vol.) 
Expta 

TNAD/HMX 500 500 TNAD 510 512 
TNAD/RDX 536 515 HMX - 549 
TNAD/DINA 488 493 RDX - 512 
TNAD/DNP — 494 DINA - 483 

   DNP - 494 
a Data from ref.[17]. b Tm(vol.) represents that the Tm is 
obtained by the curve of specific volume versus temperature. 

It is noted that the Tm of TNAD/DINA blend is higher 
than that of pure DINA (483), but lower than that of 
pure TNAD (512K). For TNAD/RDX blend, the 
melting points Tm of pure TNAD and RDX are all 
512K [17], while the Tm of TNAD/RDX blend is 
515K, which is higher than those of pure TAND and 
RDX. For TNAD/HMX, the introduction of HMX 
makes the Tm of TNAD/HMX blend come to 500 K, 
which is all lower than those of TNAD and HMX.  

3.3 Radial distribution function 

Radial distribution function (RDF) is a measure of 
probability that an atom at the origin of an arbitrary 
reference frame located in a spherical shell of 
infinitesimal thickness at a distance, r from the 
reference atom [25]. Obviously, the concept embraces 
the idea that the atom at the origin and the atom at 
distance, r may be of difference chemical species, A 
and B. The function of gAB(r) is often used to denote 
RDF and can be calculated by the average of static 
relationship of every given pair of particles, AB. It is 
also used to distinguish between amorphous and 

crystalline structures of the polymers. The definition 
of gAB(r) is as follows: 

           
AB

AB

AB
r

rn
rg

ρπ ∆
=

24

)(
)(               (4) 

In this paper, the RDF of TNAD/HMX, TNAD/RDX, 
TNAD/DNP and TNAD/DINA systems are analyzed 
at 298 K. Figure 4 displays the RDFs of TNAD/HMX, 
TNAD/RDX, TNAD/DNP and TNAD/DINA systems 
for comparison. From Figure 4, the higher g(r) appears 
in the range from 0.3 nm to 1.0 nm, so the main 
intermolecular forces between TNAD and other 
energetic components are van der Waals interactions. 
In addition, gAB(r) is often used to judge the 
compatibility of blends. If the gAB(r) of the blend is 
much higher than the gAB(r) of the pure energetic 
component, the compatibility is better. On the contrary, 
the phase separation may happen [26-28]. In our paper, 
r is the distance between the centers of two pure 
components in blending system, which corresponds to 
the intermolecular distance of 1.8-2.3Å. From Figure 
4(a), it is noted that the gAB(r) graphs of TNAD-
TNAD and DINA-DINA are closer and they are much 
lower than that of TNAD-DINA, which shows that 
TNAD and DINA have the stronger interaction. 
Consequently, they are compatible. Similar analysis 
can be made for the gAB(r) graph of TNAD/DINA. For 
Figure 4(d), the gAB(r) graphs of TNAD-TNAD and 
DNP-DNP separate clearly and the gAB(r) graphs of 
TNAD-DNP is slightly higher than that of DNP-DNP, 
which shows that TNAD and DNP have not the strong 
interaction and they are incompatible. Through 
comparing the gAB(r) graph of the four systems, the 
order of compatibility is TNAD/DINAL 
TNAD/RDXLTNAD/HMXLTNAD/DNP, which is 
consistent with the experimental results [17]. 
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(d) TNAD/DNP system 

Figure 4 Intermolecular RDF for TNAD/DINA (a), 

TNAD/HMX (b), TNAD/RDX (c) and TNAD/DNP 

(d) 

3.4 Force field energy 

According to the principle of molecular mechanics, 
the total energy in force field is the sum of valence 
energy, non-bond energy and cross-term interaction 
energy. Valence energy consists of bond energy, angle 
energy and dihedral torsion energy et al. Non-bond 
energy consists of van der Waals energy and Coulomb 
interaction energy. Fried et al. [29] thought that there 
exist the inflection points around Tm value in the 
graphs of van der Waals energy versus temperature, 
dihedral torsion energy versus temperature, non-bond 
energy versus temperature et al. In order to study the 
effect of the force field energy on melting point, the 
force field energies at different temperatures are 

analyzed. For TNAD/HMX, TNAD/RDX, 
TNAD/DNP and TNAD/DINA, Figures 6-9 plotted 
the graphs of temperature and force field energy such 
as bond energy, angle energy, dihedral torsion energy, 
and non-bond energy, respectively. 
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Figure 5 Plots of energy components versus 

temperature for TNAD/HMX system 
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Figure 6 Plots of energy components versus 

temperature for TNAD/RDX system 
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Figure 7 Plots of energy components versus 

temperature for TNAD/DINA system 
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Figure 8 Plots of energy components versus 

temperature for TNAD/DNP system 

From Figures 5-8, it is noted that the bond energy and 
angle energy increase with the increment of the 
temperature for the four systems, which shows that the 
bond energy and angle energy have no effect on the 
melting point whether the four systems are in solid 
state and liquid state. For the four systems, the angle 
energy of TNAD/DINA system is the largest, while 
the angle energy of TNAD/DNP system is the smallest. 

The angle energy of TNAD/HMX system is larger 
than that of TNAD/RDX system.  

At the same temperature, the dihedral torsion energy 
of TNAD/RDX system is the largest but that of 
TNAD/DNP system is the smallest. This is because 
the attachment of nitro group to DNP makes the steric 
effect of RDX larger, which results in the increment of 
dihedral torsion energy of TNAD/RDX system. In 
addition, it is noted that there exist the inflection 
points in the graph of the dihedral torsion energy 
versus temperature and non-bond energy versus 
temperature for TNAD/RDX, TNAD/HMX and 
TNAD/DINA systems. The dihedral torsion energy 
and non-bond energy increase sharply with the 
increment of the temperature above Tm, while they 
increase slowly with the increment of the temperature 
below Tm. For TNAD/DNP system, there are not 
obvious inflection points in the graph of the dihedral 
torsion energy versus temperature and non-bond 
energy versus temperature, which shows that 
TNAD/DNP system has no obvious Tm and TNAD 
and DNP are incompatible. 

Table 2 listed the melting point temperature obtained 
by temperature versus specific volume, torsion energy 
and non-bond energy, respectively. Obviously, the 
melting point temperatures Tm obtained by various 
methods are very close, which further proved the 
reliability of the method. 

Table 2 The melting point temperature Tm (K) 

obtained by various methods 

Blends Tm(vol.) 
Tm 

(torsion 
energy) 

Tm(non 
bond 

energy) 
Expta 

TNAD/HMX 500 490 498 500 

TNAD/RDX 536 536 542 515 

TNAD/DINA 488 490 501 493 

TNAD/DNP — — — 494 

 

3. CONCLUSIONS 

In this paper, molecular dynamic method has been 
used to investigate the melting points Tm of 
TNAD/HMX, TNAD/RDX, TNAD/DINA and 
TNAD/DNP systems. The melting points Tm were 
simulated by the inflection points in the graph of 
specific volume, torsion energy or non-bond energy 
versus temperature. The results show that: 

1. The Tm values obtained by MD simulation are 500K 
for TNAD/HMX blend, 536K for TNAD/RDX blend, 
and 490K for TNAD/DINA blend. TNAD/DNP 
system has no obvious Tm. Using the melting point 
Tm, the compatibility of the four systems are analyzed. 

2. The main interaction way between TNAD and other 
energetic components is van der Waals interaction. 
The RDF can be used to predict the compatibility of 
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blends. The better the compatibility is, the stronger the 
intermolecular interaction is. 

3. The bond energy and angle energy increase linearly 
with the increment of the temperature for the four 
systems.  

4. On the curve of dihedral torsion energy versus 
temperature and non-bond energy versus temperature, 
there exist the inflection points around Tm for 
TNAD/HMX, TNAD/RDX, TNAD/DINA systems. In 
addition, the dihedral torsion energy and non-bond 
energy are in the non-equilibrium state at the lower 
temperature. 

 

REFERENCES 

1. J. P. Agrawal, High Energy Materials: Propellants, 
Explosives and Pyrotechnics, Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim, 2010. 

2. M. H. Keshavarz, Important aspects of sensitivity of 
energetic compounds: a simple novel approach to 
predict electric spark sensitivity, in: T.J. Janssen (Ed.), 
Explosive Materials: Classification, Composition and 
Properties, Nova Science Publishers, Inc., 2010 
(Chapter 4). 

3. M. H. Keshavarz, J. Hazard. Mater. 151 (2008) 499–
506. 

4. M. H. Keshavarz, M. H. Yousefi, J. Hazard. Mater. 
152 (2008) 929–933. 

5. M. Jaidann, S. Roy, H. Abou-Rachid, L. Lussier, J. 
Hazard. Mater. 176 (2010)165–173. 

6. M. H. Keshavarz, J. Hazard. Mater. 177 (2010) 648–
659. 

7. Q. Wang, P. Ma, S. Neng, Chin. J. Chem. Eng. 17 
(2009) 468–472. 

8. R.C. Reid, J.M. Prausnitz, B.E. Poling, The Properties 
of Gases and Liquids, 4th ed., McGraw-Hill, New 
York, 1987. 

9. P. Simamora, S.H. Yalkowsky, Ind. Eng. Chem. Res. 
33 (1994) 1405. 

10. E. Poling, J.M. Prausnitz, J.P. O’Connell, The 
Properties of Gases and Liquids, fifth ed., McGraw-
Hill, 2001. 

11. M.H. Keshavarz, J. Hazard. Mater. 171 (2009) 786–
796. 

12. D.-X. Li, B.-L. Liu, Y.-S. Liu, C.-L. Chen, 
Cryobiology 56 (2008) 114–119. 

13. T. Arima, K. Idemitsu, Y. Inagaki, Y. Tsujita, M. 
Kinoshita, E. Yakub, .J. Nucl. Mater. 389 (2009) 149–
154. 

14. C.-S. Chang, T.-G. Den, Characterization and 
preparation of three new high energetic materials 
(TNAD, DNNC and HCO), Huaxue 55 (1997) 89–
106. 

15. R. Helmut, L. Hans-Heinrich et al., Patent Written in 
German, (1996), pp. 509–627. 

16. M. S. Liu, H. J. Tsai, T. G. Den, Huoyao Jishu 8 (3) 
(1992) 1–8. 

17. Q.-L. Yan, X.-J. Li, L.-Y. Zhang, J.-Z. Li, H.-L. Li, 
Z.-R. Liu, J. Hazard. Mater., 160, (2008) 529–534. 

18. R. Leach, Molecular Modeling—Principles and 
Applications, 2ed., Person Education Limited, Harlow 
(London), England, 2001, pp. 348–349. 

19. Materials Studio 4.0; Accelrys, Inc.: San Diego, CA, 
2006. 

20. H. Sun, J. Phys. Chem. B, 102, (1998) 7338–7364. 

21. H. C. Andersen, J. Chem. Phys., 72 (1980) 2384–
2393. 

22. H. J. C. Berendsen, J. P. M. Postma, W. F. Gunsteren, 
et al, J. Chem. Phys., 81(1984) 3684–3690. 

23. U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, 
H. Lee, L. G. Pedersen, J. Chem. Phys. 103 (1995) 
8577. 

24. P. W. Anderson. Science, 1995, 267 (5204) 1615–
1616. 

25. S. S. Jawalkar, K. V. S. N. Raju, S. B. Halligudi, M. 
Sairam, T. M. Aminabhavi, J Phys Chem B 111 (2007) 
2431–2439. 

26. T. C. Clancy, Macromolecules 33 (2000) 9452–9463. 
27. E. D. Akten, W. L. Mattice, Macromolecules 34 

(2001) 3389–3395. 
28. P. Gestoso, J. Brisson, Polymer 44 (2003) 2321–2329. 
29. J. R. Fried, P. Ren, Comput. Theor. Polym. Sci. 9 

(1999) 111–116. 
 

Acknowledgements 

We gratefully acknowledge the funding provided by the 
Laboratory of Science and Technology on Combustion and 
Explosion (Grant No. 9140C3501021101) and Jiangsu 
Planned Projects for Postdoctoral Research Funds (No. 
1201015B) for supporting this work. 

 

 



 

 1 

EGC 2013 

SESSION 5: MODELING AND TESTING 

Thermal Decomposition Studies Using DPTA Method on High Energy 

Nitramine Explosives 

Rui LIU, Tong-Lai ZHANG*, Zun-Ning ZHOU, Li YANG 

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China 

*ztlbit@bit.edu.cn 

 

Keywords: Dynamic pressure measuring thermal 

analysis, Thermal decomposition, Nitramine 

explosives, Thermal stability, kinetics. 

ABSTRACT 

Dynamic pressure measuring thermal analysis (DPTA) 

can continuously and directly monitor the real-time 

changes of pressure and temperature of materials 

during thermal decomposition using the built-in 

micro-sensors. DPTA determines the thermal stability 

and reaction kinetics which are significant to evaluate 

the safety of materials in usage, transport and storage. 

The thermal decomposition processes of three typical 

high energy nitramine explosives, RDX, HMX and 

CL-20, were investigated by DPTA in this work. The 

thermal stability arrayed in an ascending order is 

HMX < RDX < CL-20. The order of the activation 

energy is CL-20 < RDX < HMX, and that of the 

reaction rate constant is HMX < RDX < CL-20. The 

results suggest that the change trend of the stability 

and kinetics can be attributed to the chemical 

structures of these nitramine explosives. RDX and 

HMX are the similar ring-shaped structure while CL-

20 is cage type. 

Abbreviation 

hexahydro-1,3,5-trinitro-1,3,5-triazine: RDX  

octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine: HMX 

hexanitrohexaazaisowurtzitane: CL-20 

1. INTRODUCTION  

Thermal decomposition behaviors of energetic 

materials are of great significance for their 

formulation design, performance assessment, as well 

as the safety in production, processing and storage 

(Dreger et al. 2012, Williams et al. 2006, Brill et al. 

1994). There are many methods for thermal 

decomposition analyses, such as the differential 

scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), micro calorimetry (MC) and vacuum 

stability test (VST) (Bellamy et al. 2002, Zeman et al. 

1994, Fan et al. 2004, Gao et al. 2007). These methods 

were used to quantitatively measure the heat flow, 

weight, evolved gas amount and other physical 

properties of sample during thermal decomposition 

process, and establish the dependence of the parameter 

on temperature or time, thereby calculate the thermal 

decomposition kinetics and evaluate the thermal 

stability or mixed compatibility of samples. Among 

these thermoanalytical methods, VST is used widely 

because it is fast, efficient and easy to operate. 

However, VST as a discrete breakpoint test provides 

neither information on real-time parameter changes 

nor the reaction kinetics (deKlerk et al. 1995). 

Dynamic pressure measuring thermal analysis (DPTA) 

was established as a novel technique for the studies of 

thermal stability and reaction kinetics by our lab in 

order to overcome the shortcomings of VST. This 

method consecutively monitors the real-time changes 

of evolved gas pressure and reaction temperature 

using the built-in micro-sensors. 

Nitramine explosives, including RDX, HMX and CL-

20, have many advantages of high energy, stable 

performance and convenient manufacture (Wu et al. 

2010, Anisichkin 2007, XU et al. 2007, Zenin et al. 

2009, Geetha et al. 2003). They have been widely 

used in the insensitive high explosives, pyrotechnics 

and solid rocket propellants (Monteil-Rivera et al. 

2004, Song et al. 2012, Ou et al. 2007). These high 

energy nitramine explosives can meet the energy 

requirement of modern weapons and play more and 

more important role in fireworks and ammunitions 

(An et al. 2012, Makarov et al. 2009). In this work, 

three common high energy nitramine explosives, 

RDX, HMX and CL-20, were investigated by DPTA 

to explore their thermal decomposition characteristics. 

2. APPARATUS AND METHODS 

DPTA method was based on the sensor-manometry 

principle of VST and improved upon the DVST 

(dynamic vacuum stability test) method which was 

also designed by our lab early (Liu et al. 2012). The 

new DPTA has the advantages of higher precision, 

wider application coverage (including the volatile 

materials and nano-sized materials), and higher 

component integration degree, compared with the 

precursor DVST. A typical tester of DPTA consists of 

a program control unit, heating and reaction unit and 

data acquisition and processing unit. The detailed 

components are shown in Fig. 1.  
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Figure 1:  Schematic diagram of DPTA 

The measuring range of pressure sensor is from 0 kPa 

to 70 kPa with the accuracy of ±0.01 kPa. The 

temperature sensor can measure the values varying 

from 25 
o
C to 200 

o
C with the accuracy of ±0.1 

o
C. 

The test tube made of explosion-proof reinforced 

borosilicate glass ensures the eligible air tightness. 

The volume of test tube approximately 25 ml should 

be calibrated accurately before experiment. Leak test 

proves that the change of vacuum degree of the tube is 

less than ±0.05 kPa under 200 
o
C after 7 days. It is 

safe and reliable for measurement of a small amount 

of hazardous materials. DPTA is performed in a 

vacuum, heated and constant volume conditions. The 

glass test tube loaded with sample is sealed and 

evacuated, and then put into the thermostat. The 

heating and reaction unit is regulated by the program 

control unit. The evolved gas triggers the changes of 

pressure as well as temperature in the tube. The micro-

sensors of pressure and temperature probe the changes 

directly and consecutively. The information of the 

dependences of apparent pressure and temperature on 

time are collected by the data acquisition and 

processing unit. In this work, the apparent pressure 

(pap) is mainly affected by three factors: 1) the gas 

evolved from the thermal decomposition of sample, 2) 

the expansion of reaction space along with the rise of 

temperature, 3) the drift and lag errors of pressure 

sensor. The first one is the net evolved gas pressure 

that should be measured accurately as an object of this 

work, while the other two should be eliminated as the 

systematic errors through the data processing, such as 

Fig. 2 shows. The dependence of the net evolved gas 

pressure on time (p-t) can be used to evaluate the 

thermal stability and compatibility, acquire the 

thermal decomposition kinetics, and predict the 

storage life of sample. 

 

Figure 2:  Comparison of the apparent pressure 

(pap) and the net evolved gas pressure (p) 

Both the non-isothermal and isothermal kinetics are 

calculated to characterize the thermal decomposition 

of samples. The non-isothermal kinetic parameters are 

obtained by means of the integral and differential 

methods (Hu et al. 2008): 

The integral equation: 

0

( )
ln ln

G A E

T T R T

α

β

 
= − 

−                    [1] 

The differential equation: 

0

2

/
ln ln

( )
( ) 1

d dT A E

E T T RT
f

RT

α

β
α

 
  

= − 
−  +               [2] 

Where α is reaction progress (or conversion rate), G(α) 

and f(α) denote reaction models in integral and 

differential form, T0 is initial temperature (K), T is test 

temperature (K), E is activation energy (kJ·mol
-1
), A is 

pre-exponential factor (s
-1
), β is heating rate (K·min

-1
), 

and R is the universal gas constant (8.314 J·mol
-1
·K

-1
). 

The optimal reaction model was selected from 41 

different models (Hu et al. 2008), including multi-

dimensional diffusion, chemical reaction, nucleation 

and growth, autocatalytic reactions and so on, by the 

least square method and the model fitting principle. 

The E of corresponding model is obtained from the 

slope of the fitting line by iterative method, and the ln 

A from the intercept. 

The isothermal kinetic parameters are calculated using 

the solid phase reaction kinetic equation (Hu et al. 

2008):  

G(α) = k t                                    [3] 

Where k is reaction rate constant (s
-1
), and t is time (s). 

The optimal isothermal reaction model was also 

selected from 41 results by the iteration convergence 

method. The reaction rate constant k is obtained by the 

slop of the fitting line of G(α) vs. t. 

Both data processing methods have been programmed 

by computer technology. 

3. EXPERIMENTAL 

General caution: RDX, HMX and CL-20 are 

dangerous high energy explosives. The appropriate 

safety precautions, such as safety glasses, face shield, 

leather coat and ear plugs, should be taken during 

experiment. Powdery samples of RDX、HMX and 
CL-20 were all provided by Beijing Institute of 

Technology, and their average particle sizes were 

about 80 µm. All samples were dried in vacuum oven 

at 60
o
C for 4 hours and then stored in a desiccator 

before experiment.  
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About 5.0 g of sample was placed in the bottom of a 

test tube. The tube was sealed and evacuated to below 

0.1 kPa. The reaction unit was heated from room 

temperature to 100
o
C at a constant heating rate (less 

than 3 
o
C min

−1
), and then kept isothermally for 48 h 

before cooled to room temperature. The heating 

program was regulated by the proportional-integral-

derivative controller. The data acquisition speed was 

set to 10 s
−1
 for the non-isothermal stage and 1 min

−1
 

for the isothermal stage. The kinetic parameters and 

mechanisms of thermal decomposition were calculated 

using the computer programs. Each sample were 

tested at lest thrice to ensure accuracy and 

reproducibility. 

4. RESULTS AND DISCUSSION 

4.1 Gas evolved from thermal decomposition 

DPTA measured the time dependences of temperature 

(T–t) and net evolved gas pressure (p–t) of RDX, 

HMX and CL-20 at the same conditions, as shown in 

Fig. 3. 

 

Figure 3:  p-t and T-t curves of RDX, HMX and 

CL-20 

The net evolved gas pressures of three nitramine 

explosives all increases with time. For each sample, 

the pressure changes quickly at non-isothermal stage, 

which indicates the most intense reaction occurs at the 

initial stage. The decomposition becomes smooth and 

the acceleration of gas pressure gets slow at the 

following isothermal stage. The differential function 

of p-t is the change rate of evolved gas pressure with 

time (dp/dt-t). The p-t and dp/dt-t curves of three 

nitramine explosives in the initial 1200 min are 

illustrated in Fig. 4. 

 

Figure 4:  p-t and dp/dt-t curves of RDX, HMX and 

CL-20 

The maximum change rate of gas pressure [(dp/dt)max] 

for RDX and HMX emerges at the very beginning of 

decomposition. The dp/dt decreases gradually with 

time, and then keeps almost stable in the isothermal 

stage. However, the dp/dt of CL-20 doesn’t reach to 

the extremum at the beginning but increases sharply 

with time. The (dp/dt)max emerges when the reaction 

proceeds to 70 min. It suggests that the thermal 

decomposition of CL-20 has a reaction lag phase. CL-

20 is a cage type nitramine compound consisting of 

the CH2NNO2 unit, while RDX and HMX are the six- 

and eight-membered ring-shaped structure. The 

similar p-t and dp/dt-t curves of RDX and HMX may 

be attributed to their similar chemical structures. 

The total evolved gas volumes of these nitramine 

explosives conform to an ascending order of HMX < 

RDX < CL-20, as the black curve shown in Fig. 5. 

Generally, the gas evolved volume during isothermal 

reaction is an important criterion for thermal stability 

of explosives (Chovancova and Zeman 2007, 

Selesovsky and Krupka 2007). The ascending order of 

the evolved gas volumes of these explosives at 

isothermal 100 
o
C is HMX < RDX < CL-20 (see the 

red curve in Fig. 5). HMX has a best thermal stability, 

and RDX is more stable than CL-20. Anyway, these 

nitramine explosives all qualify for the well thermal 

stability, because the isothermal evolved gas volumes 

are all much lower than the limit of stability criterion 

which is defined that the evolved gas volume at 100
o
C 

should be less than 2 ml·g
-1
 (Vacuum stability test-

Method of pressure transducer 2006). 

 

Figure 5: Total and isothermal evolved gas 

amounts of samples 

4.2 Thermal decomposition kinetics 

The non-isothermal kinetic parameters are calculated 

using equation [1] and [2]. The results are shown in 

Table 1.  
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Table 1: Kinetic parameters of non-isothermal decomposition 

Integral method Differential method 
Sample Reaction model 

EI
a
/(kJ·mol

-1
) ln (AI/s

-1
) ED

a
/(kJ·mol

-1
) ln (AD/s

-1
) 

RDX Avrami-Erofeev equation (n=4)
b 

150.2 16.43 155.5 17.10 

HMX Avrami-Erofeev equation (n=4) 178.5 18.96 187.6 20.94 

CL-20 Avrami-Erofeev equation (n=4) 133.7 10.99 137.3 12.68 
a
 the subscripts I and D denote the integral and differential method. 

b
 the integral function [G(α)] of the Avrami-Erofeev equation is [–ln(1–α)]

4
, and the differential one [f(α)] is (1/4)(1–

α)[–ln(1–α)]
–3
. 

The optimal reaction model of RDX, HMX and CL-20 

all conform to the Avrami-Erofeev equation with the 

reaction order n = 4, described as the random 

nucleation and subsequent growth model. The 

activation energy of thermal decomposition displays 

an increasing order of CL-20 < RDX < HMX. The 

order coincides with that of thermal stability. The 

activation energy denotes the lowest energy barrier of 

a reaction. The smaller activation energy leads to the 

more active chemical property and less stability. 

The isothermal kinetic parameters are calculated using 

equation [3]. The optimal isothermal reaction model 

and reaction rate constant are listed in Table 2.  

Table 2: Reaction rate constants and models of 

samples for isothermal decomposition 

Sample 
Reaction 

model 
G(α) k/s

-1 

RDX 

Ginstling-

Brounstein 

equation 

1-2α/3-(1-α)
2/3
 7.65×10 

-11
 

HMX 

Ginstling-

Brounstein 

equation 

1-2α/3-(1-α)
2/3
 3.43×10 

-11
 

CL-20 
Jander 

equation 
[1-(1-α)

1/3
]
2
 1.23×10 

-10
 

The reaction models of RDX and HMX both conform 

to the Ginstling-Brounstein equation which is the 

three-dimensional diffusion model, while that of CL-

20 conform to the Jander equation which is the two-

dimensional diffusion model. The similar ring-shaped 

chemical structures of RDX and HMX may lead to the 

same reaction models which differ from the CL-20. 

The reaction rate constant indicates that the rate of 

thermal decomposition from slow to fast follows 

HMX < RDX < CL-20. 

CONCLUSIONS  

DPTA monitors the thermal decomposition process of 

sample in real-time, consecutively and directly by 

means of the built-in micro-sensors of pressure and 

temperature. It is used as a novel thermal analysis 

method for material researches. Three common 

nitramine explosives, RDX, HMX and CL-20, were 

investigated by DPTA. The increased order of the 

evolved gas volume at 100 
o
C is HMX < RDX < CL-

20, while these nitramine explosives are all well 

thermally stable because the evolved gas volumes are 

less than the standard limit. The reaction kinetic 

parameters for the non-isothermal and isothermal 

decomposition are calculated by different kinetic 

equations. The activation energy of the thermal 

decomposition displays an increased order of CL-20 < 

RDX < HMX. The results suggest that the activation 

energy has a direct correlation with the thermal 

stability. The reaction models of RDX and HMX are 

the same wherever in the non-isothermal and 

isothermal stage, but they are different from that of 

CL-20. The reason is possible that RDX and HMX 

have the similar ring-shaped structure consisting of the 

CH2NNO2 unit, while CL-20 is a cage type structure 

of the CH2NNO2 unit. DPTA is a more sensitive, 

accurate and rapid method to determine the thermal 

stability and reaction mechanism of materials, and has 

a broad application prospect in the field of thermal 

analysis. 
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ABSTRACT 
Continued motivation to reduce the amount of 
sensitive explosives used in devices has led to the 
need for a better understanding of the properties of 
energetic materials at reduced length scales. 
Additionally, the importance of minimizing the use of 
objectionable elements such as lead has driven 
research on suitable replacement materials. DBX-1 
(copper(I)-5-nitrotetrazolate) has recently been 
developed as a promising replacement for lead azide. 
This research made use of high-speed streak camera 
photography to study the reaction properties of 
charges of DBX-1 at sub-millimeter diameters. The 
samples developed for study were cylindrical charges 
of DBX-1/dispersant contained in glass capillaries 
with sub-millimeter diameters. A laser (1064 nm) was 
used to ignite the charges. DBX-1 appears to undergo 
a Type I DDT (deflagration-to-detonation) process in 
which a plug of material develops, eventually 
shocking up to a detonation. The critical diameter for 
DBX-1 at 1.6 ± 0.1 g/cm3 (58–66% dense), with glass 
confinement is less than 0.1 mm. 

1. INTRODUCTION 
For safety reasons, it is always desirable to reduce the 
amount of sensitive energetic materials (EMs) such as 
primary explosives in devices when possible. This has 
led to the need for a better understanding of the 
properties of energetic materials at reduced length 
scales.  Primary explosives are the materials of choice 
for small-scale, low-energy use. While it has long 
been known that the growth-to-detonation lengths and 
the critical diameter for primary explosives must be 
quite small, there has been little work performed on 
measuring these properties. 

There are two accepted mechanisms for the 
deflagration-to-detonation transition (DDT) in primary 
explosives [1-3]. Type I DDT is described as when the 
rising pressure of the combustion compresses 
unreacted material ahead of the combustion front and 
accelerates this compaction plug further into the 

material until a shock builds and a detonation is 
achieved. Type II DDT is described as when the 
reaction progresses from conductive burning to 
convective burning, compressive burning, shock wave 
formation and finally a detonation transition. 

In primary explosives, the DDT process occurs over 
such small length scales that it is only possible to 
study the process at small diameters. This work 
describes further application of a previously-
developed [4, 5] experimental technique for preparing 
and studying sub-millimeter samples of primary 
explosives. The work described in this paper is on  
DBX-1 (copper(I)-5-nitrotetrazolate), which has 
recently been developed as a promising replacement 
for lead azide [6]. 

2. EXPERIMENTAL 
The samples developed for study were cylindrical 
charges of DBX-1 (copper(I)-5-nitrotetrazolate) 
contained in micro-capillaries. The DBX-1 used in 
these experiments was used as obtained from Pacific 
Scientific Energetic Materials Co. (Chandler, AZ). 
The DBX-1 had been milled in isopropyl alcohol to 
reduce the average (volume-based) particle size to 
4.65 µm (90% <9.32 µm, Microtrac). 

The process developed to prepare samples for these 
experiments involved dipping a microcapillary into a 
suspension consisting of the energetic material 
temporarily dispersed in a carrier fluid. The 
suspension would then flow into the microcapillary by 
capillary action.  Capillaries were suspended vertically 
on microscope slides and allowed to dry overnight. 
The energetic material fell out of suspension and 
settled to the bottom of the microcapillary forming a 
cylindrical plug.  Fluid surface tension and the 
capillary forces due to the small inner diameter 
prevented the suspension from leaking out of the end 
during drying. 

Borosilicate glass micro-capillaries (Drummond 
Scientific Co., Broomall, PA) were used to confine the 
DBX-1. The capillaries had internal diameters of 
0.099–0.480 mm. In order to fill the micro-capillaries, 
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it was necessary to formulate a suspension in which 
the DBX-1 would remain temporarily dispersed.  If 
the particles were too well suspended in the carrier 
fluid they would adhere to the inner wall during 
drying rather than falling to the bottom to form a plug 
of material.  Thus, the suspension stability time could 
not exceed the evaporation time of the carrier fluid. 
The final dispersion consisted of ~0.1 g/mL of DBX-1 
in mixed esters with 1.5–2.0% non-ionic dispersant. 
After all capillaries were filled and air-dried, they 
were dried in an oven for ~1 hour at 60ºC. 

The density of the DBX-1/dispersant in the capillaries 
was calculated from careful mass measurements of the 
capillaries before and after preparation. Optical 
micrographs after filling were used for length 
measurements of the DBX-1 column. Only capillaries 
that contained greater than 0.5 mg of material were 
used to determine the average density of the DBX-1. 
The variance in densities below this mass was high 
due to measurement issues with low masses and short 
plug lengths. The density of DBX-1/dispersant in 
these capillaries was determined to be 1.6 ± 0.1 g/cm3 
(58–66% dense).  

Scanning electron microscopy was used to examine 
the material removed from one of the microcapillaries 
after preparation (Figure 1). The DBX-1 particles are 
jagged, with both crystal facets and fractured surfaces 
visible. There is no obvious evidence of the 
dispersant, but there is no reason to believe that it was 
removed during sample preparation. 

 

Figure 1. Scanning electron micrograph of DBX-
1/dispersant after removal from a microcapillary. 

The laser used for initiation was a two-output, fiber 
optic coupled, Nd:YAG laser with a wavelength of 
1064 nm and a nominal pulse width of 12 ns.  The 
laser was coupled to the sample with a 400-µm core 
diameter, 0.39 NA fiber optic.  An optical window 
was used to support the capillary and protect the face 
of the fiber optic cable.  Due to the small sample sizes, 
a Nikon AF Micro Nikkor 105-mm 1:2.8 macro zoom 
lens was placed between the sample and the slit of the 
16-bit dynamic range streak camera to achieve the 
necessary magnification. The small size of the 
samples resulted in a very low amount of light 
produced during reaction: therefore all samples were 

fired in minimal ambient light. The experiment used to 
fire the samples is shown in Figure 2. 

Custom Drilled 
SMA Connector

Capillary

Optical 
Window

SMA Connector & 
Laser Fiber optic

Viewport

Air gap

 

Figure 2. (left)Photograph of a microcapillary containing 
a short column of DBX-1 ready to be fired. 
(right)Diagram of the elements of the firing experiment. 

The two outputs of the laser allowed for correlation of 
the energy at the output of the second fiber optic with 
that of the fiber optic used for initiation.  The fluence 
(energy/area) was estimated by measuring the spot 
size of the laser at an output energy of 9 mJ to be ~0.8 
mm. The fluence on each sample required for 
initiation ranged from 0.5 to 15 J/cm2, with higher 
fluences required for the smaller samples, presumably 
due to more pronounced thermal losses at smaller 
diameters. 

The streak images recorded in these experiments were 
analyzed with edge-finding software and a data 
analysis method described elsewhere [7]. The 
reactions appear in the streak images as a bright streak 
against a dark background. The software extracts the 
line of a reaction from a streak image and exports it as 
a series of position versus time data points. Static 
images were taken with the streak camera to 
determine the position of the top and bottom positions 
of DBX-1 in each microcapillary. A static image of a 
100-line-per-inch Ronchi rule was taken at the same 
magnification of the samples for length scale 
calibration for the software. The time information for 
each streak image was recorded internally by the 
streak camera and read from the image file header by 
the edge-finding software. For steady-state reactions, a 
linear least square regression was used to calculate the 
reaction velocity. Error in the velocity is reported as 
plus-or-minus the standard error of the fit plus 5%.  

3. RESULTS AND DISCUSSION 
A total of 60 experiments were conducted with the 
goal of recording steady detonation in multiple 
capillaries at each of the six diameters used. 
Detonation was recorded in 18 of these 60 
experiments. Of the experiments where detonation 
was not recorded were three classes of results: the 
timing was such that no data were recorded, the 
capillary did not ignite, or the reaction did not grow to 
detonation. Failure of growth to detonation was more 
prevalent in shorter columns, suggesting a self-
confinement effect. In many of the experiments with 
short column lengths, the luminous reaction pushed 
deflagrating material up the length of the 
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microcapillary, but growth to detonation did not occur. 
The results from the 18 experiments that detonated are 
shown in Table 1 and Figure 3. 

There is an obvious diameter effect in the data in 
which the detonation velocity decreases with diameter. 
The typical empirical form for data analysis of 
diameter effect data is: 









−

−⋅= ∞
CRR

ADRD 1)( , [1] 

where D(∞) is the detonation velocity of an infinite 
radius charge at the same density, R is the charge 
radius in question, A is a length parameter, RC 
represents the value of the asymptote corresponding to 
the failure radius, and D(R) is the detonation velocity 
of a charge of radius R.[6]  This equation represents a 
decrease in detonation velocity with decreasing charge 
radius, and asymptotically approaching zero at the 
failure radius.  The data for DBX-1 do not fit this form 
and we believe that additional data at both larger and 
smaller diameters would have to be collected to 
attempt a fit. Despite our inability to perform a fit and 
based on these results, the critical diameter for DBX-1 
at 1.6 ± 0.1 g/cm3 (58–66% dense), with glass 
confinement is less than 0.1 mm. 

Table 1. DBX-1 detonation velocity results for all micro-
capillaries that detonated. 

Capillary 
Diameter 

Detonation 
Velocity 

Column 
mass 

Column 
height 

mm mm/µs mg mm 
0.480 3.492 ± 0.090 1.31 4.50 
0.480 4.832 ± 0.102 1.42 3.99 
0.480 4.425 ± 0.098 1.12 3.50 
0.480 4.407 ± 0.090 2.59 8.80 
0.480 4.261 ± 0.087 3.65 11.84 
0.399 4.120 ± 0.088 1.55 7.51 
0.399 4.216 ± 0.087 1.41 7.04 
0.282 3.425 ± 0.072 0.96 9.61 
0.282 3.277 ± 0.068 0.94 9.36 
0.282 3.228 ± 0.066 0.92 9.43 
0.201 3.222 ± 0.066 0.40 7.65 
0.201 3.073 ± 0.062 0.82 16.44 
0.201 3.417 ± 0.077 0.18 2.90 
0.142 3.005 ± 0.062 0.25 9.12 
0.142 2.991 ± 0.062 0.17 5.43 
0.099 2.881 ± 0.059 0.34 23.5 
0.099 2.990 ± 0.061 0.14 7.80 
0.099 2.834 ± 0.0574 0.24 17.02 

 

 

Figure 3. Graph of detonation velocity as a function of 
DBX-1 diameter in glass confinement. 

A variety of different qualitative reaction results were 
obtained during this experiment series. Due to the low 
light levels, many of the streak images had very low 
contrast. The streak images included in this paper have 
all been processed for the reader, but only unmodified 
streak images were used in the data extraction process. 

Growth to detonation is seen in the streak image in 
Figure 4. The interface between the bottom of the 
capillary and the laser window is at 0 mm and the 
transition occurs at ~1.5 mm after a luminous, but dim 
deflagration. This is an example of Type I DDT in 
which an accelerative reaction front compresses a plug 
of material that eventually shocks up to a detonation. 

 

Figure 4. Streak image of ignition and growth to 
detonation in DBX-1. Capillary diameter: 0.399 mm, D: 
4.120 ± 0.088 mm/µs, DBX-1 mass: 1.55 mg, column 
height: 7.51 mm. 
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Every experiment where the DDT process was 
captured is shown in Figure 5. Additional evidence for 
Type I DDT can be seen in these images. 
Characteristic of this process is that at the base of the 
bright linear detonation, there is evidence of plug 
formation, seen as a narrow discontinuity. It is the 
leading edge of this plug that coincides with the initial 
formation of the shock front that causes the detonation 
transition. This is especially pronounced in the image 
from Shot095 in the second from bottom row. 

 

Figure 5. Every image that was captured of the DDT 
process. 

A cursory comparison of the DDT process in DBX-1 
with lead azide under similar preparation conditions 
[5] suggests that the DDT length in DBX-1 is 2–3 
times larger than that of lead azide. This could result 
from physical differences in the powders such as 
density and particle size. A more likely explanation is 
that the decomposition kinetics differ in a simple 
molecule such as lead azide than the slightly more 
complicated DBX-1. 

4. CONCLUSIONS 
Sub-millimeter cylindrical charges of DBX-1 were 
prepared using a dispersion of the material in a non-
solvent. This process is a convenient technique for 
preparation of small-diameter samples, provided that 
high-density material is not required. This technique is 
of particular interest for primary explosives due to the 
short length scales of DDT in these sensitive 
explosives. 

DBX-1 prepared in this manner appears to undergo a 
Type I DDT process in which a plug of material 
develops, eventually shocking up to a detonation. A 
diameter effect was observed, but a fit to the typical 
empirical form was not possible with this incomplete 
data set. The critical diameter for DBX-1 at 1.6 ± 0.1 
g/cm3 (58–66% dense), with glass confinement is less 
than 0.1 mm. 
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ABSTRACT 

As an insensitive ignitor, the Semi-Conductive 

Bridge (SCB) ignitor has a series of advantages: 

high safety, high reliability, low detonating energy 

and shorter action time. But there is rarely research 

on the ignition theory of the SCB ignitor. In this 

paper, the constant-current ignition theory is studied 

based upon the energy exchange theory. By 

analyzing the structure and the microcosmic energy 

exchanging style of the SCB, the SCB cannot be 

gasified completely by the ignition current energy 

(I=5A), although the SCB ignitor can be ignited 

under the constant-current 5A, the energy 

exchanging style is close to the thermal conduction 

and the micro thermal convection style and the 

energy can be centralized by the double V gaps 

shape of SCB.1. Introduction (CHAPTER TITLE, 
BOLD CAPITALS, 3 pt spacing before and after) 

1 PREFACE 

The semi-conductive Bridge (SCB) igniter is a kind of 

pyrotechnic that takes heavily doped silicon on silicon 

substrate or sapphire substrate as detonation unit.
[1]
 

There is a series of merits, such as anti-stray current, 

resistance to RF interference, stable performance, high 

process consistency and low detonating energy, etc
[2]
. 

SCB igniter has broad prospects for development. It is 

widely used applies high praise in many yields, like 

smart weapon, aerospace
[3]
, return and landing, 

ammunition, airbag and blasting work. 

According to the background which it is used in the 

field of aerospace, SCB igniter use constant current 

source as excitation method, this is not the same 

capacitive ignition mechanism. The electric ignition 

mechanism under constant current of SCB igniter is 

studied in this thesis. The energy transfer law of 

igniter under constant current is obtained by electric 

ignition mechanism. Based on the principle of heat 

transfer, by comparing theoretical analysis with 

experimental data, it is concluded that SCB igniter 

could be detonated but could not be vaporized 

completely under low current, which has the 

instructive significance on its application. 

2 CALCULATION AND ANALYSIS OF SCB IGNITER 

ENERGY 

SCB igniter transforms the electric energy into 

chemical energy by SCB, thus it could achieve 

function of ignition, fire-transform and produce work, 

etc. The core component is SCB. The structure is as 

shown in the figure 1 below. 

 

Figure 1:  structure of SCB 

2.1 Calculation of SCB energy  

The SCB igniter which ignite by constant-current 

pulse, utilize SCB transducer principle to heat 

pharmacy and lead chemical reaction occurs. 

Therefore, for this reason, the strengthener capability 

the heat transfers between SCB and powder, the more 

favorable explosion and burning of powder. 

Generally, SCB igniter is used constant current 

excitation with 5 to 10 A, quantity of heat on the SCB 

is followed: 

                                          2.1.1 

Figure 2 is shown as SCB electric energy: 
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Figure 2: SCB electric energy  

The energy produced on SCB is calculated with 

0.6~2.4 mJ by equation (2.1.1). 

The equation of required energy of melting of silicon 

material: 

1 1E nQ=
                                                2.1.2 

Requisite energy that silicon material transforms from 

liquid into gaseous is: 

2 2E nQ=
                                                2.1.3 

Total energy of the silicon vaporized completely: 

1 2allE nQ nQ= +
                                   2.1.4 

When: n – moles of silicon material; 

     1Q - Fusion heat, KJ/mol; 

     2Q - Vaporization heat, KJ/mol. 

In this paper, SCB size is used as 
100 380 2 mµ× ×

, 

mass of bridge zone is 0.18g. 

SCB melting energy is calculated as: 

6
3

1 1

0.18 10
50.6 10 0.32

28.086
E nQ mJ

−
×

= = × × =

 

SCB gasification energy is calculated as: 

6
3

1 2

0.18 10
0.32 384.2 10 2.8

28.086
allE nQ nQ mJ

−
×

= + = + × × =

 

According to above two equations, 1 allE E E< <
 the 

energy that 5A operating current is applied on the 

SCB is greater than that of bridge zone melting 

requirement, it less than the energy which SCB 

gasification need. For this reason that bridge zone 

could be melted completely without be vaporized 

completely with energy conversion by 5A~10A 

operating current. 

2.2 The structure of Semi-Conductive Bridge analysis 

The heat transfer capacity has relationship with SCB 

temperature directly when bridge and powder physical 

parameters are not changed. The higher SCB 

temperature has, the stronger heating capacity of 

powder will be. Method which raises the temperature 

of bridge is increasing input power. Under the settled 

input power the only way that generating the high 

temperature is to change the shape of the SCB. 

Changing shape SCB concentrate the energy on the 

powder, therefore the powder can easily be detonated. 

For this paper, the SCB shape like a butterfly with 

narrow intermediate and width ends, a Cartesian 

coordinate equation is established. It is shown in 

Figure 3. The resistance analysis is shown as: 

 

Figure 3:  coordinate figure of resistance analysis 

According to characteristics of series and parallel of 

resistance, butterfly bridge zone resistance equivalent 

to value of regional OABC resistance, calculation 

equation of resistance is followed: 

                                           2.2.1 

In above equation, l is length of bridge;  

S is cross-sectional area of bridge. 

Along the length direction of resistance take a 

differential element dx, let OA=y, 0C=1/2, the 

resistance of infinitesimal dx is: 

0( )

dx dx
dR

d y xctg
ρ ρ

δ θ δ
= =

−
            2.2.2 

Integral equation (2.2.2), x value is from 0 to 0.5: 

0 0

1
[ln ln ]

2
R ctg y y

ctg

ρ
θ

δ θ
= − − − −

     2.2.3 
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From above equation, the resistance value is increased 

with increasing value of l, it get maximum value on 

point C, which is near the middle of bridge zone. 

Experimental research shows that the SCB fracture 

area after work is at the narrowest point in the past, 

like Figure 4. The result of this test verifies that 

energy of the SCB is concentrated in the central bridge 

zone. 

 

Figure 4:  bridge fracture shown 

The conclusion from chapter 2.1 shows that heat 

generated by electricity on the butterfly bridge could 

not vaporize whole bridge zone, the steam temperature 

after vaporization is far higher than temperature of 

SCB in the molten situation. Therefore, the calculation 

of value of SCB gasification is necessary. 

Same assumptions below are needed: 

a) No heating exchange between SCB 
temperature rising process and outside; 

b) The loss mass of SCB reaches 80%of total 

mass.  

By equation 2.1.2, the SCB heat of fusion is 0.256mJ. 

Electric energy is 0.6mJ. From above assumptions, 

SCB that is heated by 0.34mJ will be converted into 

steam. According to equation 2.1.3, the value of mass 

of bridge which is converted into steam is, which 1/6 

of total mass of bridge is. This shows that most of 

bridge transforms heat to powder as a form of 

convective heat transfer after melting. 

2.3 energy exchanging analysis between the SCB and 

Powder 

Generally, ignition mechanism of the SCB 

pyrotechnic is a micro-convection mechanism when 

capacitor is discharging
[4]
. There has not exhaustive 

study of ignition mechanism under constant-current. 

The energy conversion process between SCB and 

powder shows that electrical energy change to SCB 

heat energy, and then heat transform energy to powder 

by one of three forms, such as thermal conductivity, 

thermal radiation and heat convection or other 

combined forms. 

The surface of the SCB is covered by the powder, 

between the surface of the SCB and the powder there 

have a lot of very tiny holes, the size of the hole is 

about micro-scale. And the air exists in those holes. 

The contact scatch map between the powder and the 

SCB is like Figure5. 

 

Figure 5: contact scatch map between the powder 

and the SCB 

As result of the existing of the holes and steams, there 

has thermal transmit, heat convection and condensed 

heat exchange between the SCB and the powder. 

2.3.1 Heat conduction transfer 

On interface between SCB and powder (boundary of 

heat conduction), the temperature is equivalent. It 

means that in the context of the context of the no heat 

energy loss, powder temperature is equal to SCB 

surface temperature. The SCB from this paper, 

thermal conduction is occurred in the beginning of 

energy conversion process between the SCB and 

powder. 

According to the Joule Lenz’s Law, heat energy E is 

generated by electric energy could be calculated as: 

2

00.24 fE I R t=
                         2.3.1 

Assuming heat loss is negligible in the work process, 

all absorbing heat energy of SCB is from electric 

energy E of SCB, and we have: 

2

00.24p fVC T I R tρ =
                  2.3.2 

So: 

2

0
0.24

f

p

I R t
T

VCρ
=

                          2.3.3 

When, - Density， 3/g cm
; 

     - Specific heat， / oJ g C
. 

Passing into work current I=5A, resistance is1Ω，
32.329 / , 1.266 / ,o

pg cm C J g Cρ = =

8 37.6 10V cm−
= × ， calculating SCB temperature 

when work time t=10~100µs： 

2700oT C=  

Actually, however, the SCB will melt when the bridge 

temperature reach over. Thence, heat conduction 
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process between SCB and powder occurs only before 

bridge material melting (the stage of temperature 

below). When SCB is melted, even generate steam, 

the energy conversion mechanism between SCB and 

powder becomes a convective heat and condensation 

heat transfer. 

2.3.2 Condensation  heat  transfer 

In this paper, V shape SCB is utilized. According to 

the structure of SCB, there is maximum current 

density on the gap when current is switched on. The 

poly-silicon temperature at the gap warm fastest than 

other location, and it will generate steam when the 

current through. According to the Phase change heat 

transfer theory, condensation phenomenon occurs 

when the steam contact with solid which temperature 

is lower than its saturation temperature. The condition 

that condensation heat transfer occurs is solid surface 

temperature is less than steam temperature. The steam 

release latent heat, phase change occurs, and delivers 

the heat to solid surface
[5]
. Therefore, when silicon 

steam is contacting low temperature powder, it will 

condense on the particles of powder
 [6,7]

. 

The phase change heat transfer occurs between steam 

and solid surface release latent heat influence it is 

existing non-condensing gas. The gas membrane 

formed by non-condensing gas makes the convective 

heat transfer coefficient reduced. The pore between 

SCB and powder mainly include the non-escaping air 

in the process of powder in pressure. Since the density 

of silicon steam cloud is low and when condensing, 

the air is not severely compressed, it doesn’t have 

much impact on the condensation heat transfer of 

silicon steam and powder. The temperature of Silicon 

steam cloud will amount to more than 1700K
[8]
. 

The mean value of coefficient of Silicon steam and 

powder is as follow: 

13

1 1 4

1

( )
1.13[ ]

4 ( )

v l

s w

g r
h

T T l

ρ ρ ρ λ

µ

−
=

−

              2.3.4 

- Condensation Density, 
3/kg m
; 

- Steam Density, 
3/kg m
; 

- Thermal Conductivity, 
/( )w mk

. 

The equation proves that the higher latent heat of 

condensation is, the higher convective have transfer 

coefficient will be. 

2.3.3 Convective  heat  transfer 

From the analysis of , the convective heat 

transfer is the main way of SCB and powder. 

Suppose the temperature of molten SCB is tf, 

the temperature of powder surface is tw, and 

the contact area is A, the heat flux of SCB 

and powder is proportional to the 

temperature variation between SCB and 

powder, and contact area A, and also has 

connection with the status of convective heat 

transfer. It could be formulated as below: 

c ch A tφ = ∆
                      2.3.5 

In this equation, hc, the convective heat transfer 

coefficient, refers to the intensity of convective heat 

transfer between fluid and solid surface. 

The equation proves that properly increasing the pore 

density and heat transfer area will effectively increase 

the convective heat transfer flux in the form of energy 

exchange. The coating method what SCB surface is 

coated with a layer of detonating powder could be 

used in the contact between powder and SCB. The 

detonating powder requires having low density and 

high porosity, it could improve the ability of 

convective heat transfer effectively, which could 

utilize SCB’s energy effectively, and improve the 

reliability of explosion. 

3 IGNITION  TEST 

Using 5A constant current detonates ignition, 

observing situation of ignition, and recording the time 

of ignition. The experimental data is shown as table 2. 

table 1: data of the ignition experiment 

No.  res is tance（Ω）  

cond it ion Ignit ion  Work 

t ime（μ
s）  

1  0 .9~1.1  5A succeed  280 

2  0 .9~1.1  5A succeed  380 

3  0 .9~1.1  5A succeed  450 

4  0 .9~1.1  5A succeed  260 

5  0 .9~1.1  5A succeed  320 

The experiment data proves that all igniters work 

properly under 5A constant-current, and work time is 

less than 500μ s. 

4 CONCLUSION 

By study of energy transform mechanism of SCB 

igniter, there are two conclusions could be obtained: 

The Joule heat which generate on the SCB under the 

working current 50A to 10A could detonate igniter, 

but could not gasify SCB completely. Main energy 
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transform mechanism between SCB and powder are 

heat conduction and convection heat transfer; 

Approximately, when heat conduction occurs, powder 

temperature is equal to bridge zone temperature, but 

heat conduction time is short, bridge zone continues to 

heat, and melting occurs; 

SCB occur convective heat transfer with powder as 

liquid form. Increasing the pores between powder and 

SCB appropriately, it could increase the surface area 

of convection heat transfer effectively, and enhancing 

convection heat exchange, thus the SCB’s energy 

could be utilized effectively; 

The analysis of butterfly SCB resistance proves that 

the maximum value of current density is at the double 

V shape gap of bridge zone. There have more 

concentrated energy transforms to powder, and a high 

temperature region is formed on the powder, which 

uses of the own oxidation-reduction of reaction of 

powder to detonate remaining powder, thereby 

shortening the work time and energy utilization of the 

SCB igniter. 
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ABSTRACT 

Detonator is a core component of the Flexible 

confined detonating cord (FCDC). Optimization the 

size of detonator is very important to enhance the 

reliability and safety of FCDC. The simulation model 

was established to evaluate the effect of ignition by 

different detonators using Finite Element Method. The 

results of calculation indicate that Φ3×3.8mm 

detonator cannot ignite two piece of Φ1mm FCDC. By 

changing the size of detonator the results show that the 

thickness and diameter of explosive both affect the 

output performance of detonator, but the diameter has 

higher effect than the thickness. 

1. INTRODUCTION 

The detonator is an important initiating component of 

the Flexible confined detonating cord (FCDC). The 

detonator output the energy to ignite the next level of 

explosive component
 [1]

. The output performance of 

the detonator directly affects the detonation reliability 

of FCDC. The output performance of the detonator 

mainly depends on the structural size and charge. Too 

small size and less charge is difficult to reliably 

detonate the next booster element; too large size and 

much charge will damage the structure, and is not 

conducive to the miniaturization design of FCDC. 

Therefore, the optimization of detonator size is one of 

the most important factors for reliability and 

miniaturization of FCDC. 

The traditional design method is mainly based on the 

experience formula to estimate the detonator size, then 

evaluate the output of detonator by lead crater 

experiment. This method needs a lot of experiment, 

and lack the theoretical guidance in improving the 

detonator. In recent years, the development of 

numerical simulation technology provides an effective 

way for the study of the output performance of the 

detonator. The numerical simulation can easily change 

the detonator size parameters and describe the flow 

field details. The structure size of detonator can be 

optimized more efficiently and reasonable. 

In this paper, the simulation modal of FCDC with two 

cords was established. The detonator output 

performance in different using nonlinear finite 

element dynamics method, for different size of 

detonator detonating cord guide process of numerical 

simulation, analysis of primary explosive thickness, 

booster thickness and charge diameter on the output 

performance of the detonator and the influence, to 

provide theoretical guidance for the optimal design of 

the detonator. 

2. NUMERICAL SIMULATION OF FCDC WITH 

TWO CORDS 

2.1 Calculation model 

The calculation model of detonator ignited FCDC was 

established as shown in Fig 1. The calculation model 

is simplified to the physical model. Calculation model 

includes the detonator, detonator seat, cone, sealant 

and cord. The detonator is composed of the shell, 

primary explosive, booster and the cover sheet. The 

initiation points were defined on the surface of 

primary explosive. The thickness of detonator shell is 

0.23mm. The thickness of cover sheet is 0.15mm. The 

size of primary explosive and charge depends on 

different type of detonator. The 1/2 mesh model is 

shown as Fig 2. 

 

Fig1. The calculation model to detonate FCDC 
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Fig2. 1/2 mesh model 

2.2 Material models 

The material model of the detonator seat is steel, and 

detonator shell is made of copper. The material of 

cover sheet and the cone is aluminium; the sheath of 

core is silver. The dynamic plasticity material model 

was used. The relationship between stress and strain in 

dynamic plasticity material model is shown as below
 

[2]
. )(1 PP01Y effP EC εβσ

ε
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Where 0σ  is the initial yield stress; ε&  is the strain 

rate; C  and  P  are Cowper-Symond strain rate 

parameter; effPε  is the effective plastic strain; PE  is 

the plastic hardening modulus. The model parameter 

of inert materials is listed in Table 1. 

Table 1 The model parameter of inert materials 

Material 
Density 

ρ0/(g·cm
-3) 

Young 

modulus 
E/100GPa 

Poisson’s 

ratio 

Yield point 

σ0/100GPa 

Steel 7.83 2.06 0.30 0.005 

Aluminum 2.76 0.689 0.33 0.0044 

Copper 8.93 1.17 0.35 0.004 

Silver 10.50 0.732 0.38 0.0038 

 

The primary explosive is lead azide (Pb(N3)2) which 

used the high explosive model and JWL equation
[3]
 of 

state to describe. The JWL equation of state is shown 

as below. VwEVReVRwBVReVRwAP +
−
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In the formula, P is the detonation pressure, unit Pa; V 

is the relative volume of detonation products. A, B, C, 

R1, R2 and w are six parameters. Parameters for the 

JWL equation of state are shown in Table 2. 

Table 2 Parameters of Pb(N3)2 using in JWL 

equation 

A/10

0GPa 

B/10

0GPa 
R1 R2 ω E0 

1.138 0.046 4.60 1.4 0.32 1.00 

The main charge in detonator is RDX, and the core of 

FCDC is HNS which were using three polynomial 

ignition and growth rate equation
[4]
. zPgeGyPdcGxabIt λλλλ

ρ

ρ
λ
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                                                                                 [3] 

 is explosive reaction degree,  is the time,  is the density, 

 is the initial density,  is the pressure, , , , , , , 

, , , ,  and  are constants as shown in Table 3. 

Table 2 Parameters of RDX and HNS 

Material I b a x 
G1 

 

RDX 4E6 0.667 0.0367 7 840 

HNS 1.6E4 0.667 0.02 7 2000 

Material c d G2 y e 

RDX 0.667 0.333 800 2 0.667 

HNS 0.667 0.667 4000 2 0.333 

 

3. RESULTS ANALYSIS AND DISCUSSION 

3.1 Initiation characteristics of two sizes detonator 

Two type of detonators initiation process were calculated to 

analysis the detonation performance, one is Φ3×3.8mm and 

the other is Φ3.85×6.5mm. The pressure distribution in these 

two cords is shown in Fig 3. When the detonation wave 

spreads to 1.5mm under the incident surface, the press in 

first condition is about 3GPa, while the other one exceeds 

30GPa, which showed that the denotation wave in FCDC 

cannot grow and go to dead gradually using the small 

detonator, and the detonation wave rapidly grown into a 

stable detonation with theΦ3.85×6.5mm detonator. 

 

 

Fig3. The pressure distribution using two different 

detonators 
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Five monitor points were selected along the axis of cord 

with the distance of 0mm, 0.3mm, 0.6mm, 0.9mm, and 

1.2mm from the shock wave incident plane. In the 

Φ3×3.8mm detonator case, the initial shock wave pressure 

in the cord is 8.3GPa, and then the shock pressure decreased 

rapidly. When the shock wave propagates to 1.2mm, the 

shock front pressure was decreased to 4.1GPa which shows 

that the detonation wave does not grow in the core. The 

detonating cords cannot be successful booster in this case. 

For the Φ3.85×6.5mm detonator, the initial shock wave 

pressure is 13.4GPa, the explosive began to react rapidly, 

and the shock wave growth fast in the cord. The shock wave 

pressure respectively to reach 25.2GPa 31.1GPa when wave 

propagates to 0.3mm and 0.6mm. The pressure is 38.4Gpa at 

the 0.9mm point; the shock wave grows stable and the 

detonator successfully detonating the cord. The above 

analysis shows that Φ3×3.8mm detonator contains small 

amount of charge, the shock wave generated the lower 

pressure which is difficult to detonate the cord; 

Φ3.85×6.5mm detonator can produce 13.4GPa incident 

shock wave pressure which is strong enough to detonate the 

small size HNS. 

 

 

 

Fig4. The pressure in the cords with different 

monitors 

3.2 Optimization design of the detonator size 

The amount of charge changes directly by the 

different detonator size, which will affect the output 

performance of the detonator. Even in the same 

amount of charge, the output performance of the 

different aspect ratio detonators also has some 

differences. In this study, Φ3×3.8mm detonator charge 

size by changing the thickness of the primary 

explosive, pass on the thickness of the explosive 

charge diameter, dimensional changes on the 

detonators output performance, get more optimized 

detonators size. 

Change the thickness of the primary explosive 

detonators for Φ3×3.8mm, only, other dimensions 

remain the same, and numerical simulation of the 

detonator initiation detonating cord process. Figure 5 

is the primary explosive thickness incident to 

detonating cord, shock wave pressure relationship. As 

can be seen from the figure, with the increase in the 

thickness of the primary explosive detonating cord 

incident shock wave pressure increases when the 

thickness increased to 3.6mm of primary explosive, 

detonator initiation, incident to the detonating cord 

shock wave pressure reach 11.8GPa, detonators, 

detonating cord can successfully detonating. Similarly, 

changing only the thickness of the Booster, the 

analysis of the thickness of the booster explosive 

detonator output performance. The relationship 

between the thicknesses of booster and the shock 

wave pressure is shown in Figure 6. As can be seen, 

when Booster increase the thickness to 3.2mm, 

incident to the shock wave pressure reached in the 

detonating cord 11.4GPa, detonator can detonate the 

detonating cord. 

 

 

Fig5. The thickness of the primary explosive 

(charge explosive) and the pressure 
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Keep Φ3×3.8mm detonators within the primary 

explosive and Booster constant thickness, the only 

change detonators diameter, analysis of the impact of 

the charge diameter on the detonators output 

performance. Figure 6 is the diameter of the charge of 

the incident to the detonating cord shock wave 

pressure relationship. As can be seen from the figure, 

gradually increases with the increase of the diameter 

of the loaded drug, incident to the pressure of a shock 

wave in the detonating cord. Detonator diameter of 

3.4mm, the incident to detonating cord shock wave 

pressure reached 10.7GPa, detonating cord can be 

stable detonation. 

The above calculation results show that, to change the 

thickness of the primary explosive, the thickness of 

the booster explosive and charge diameter can be 

successfully detonated detonating cord. Primary 

explosive thickness increased to the the 3.6mm, 

detonators volume increases Φ3×3.8mm detonators 

52.6%; the booster explosive thickness increased to 

3.2mm, detonators volume increases Φ3×3.8mm 

detonators 44.7%; detonator diameter growth to 

3.4mm when the detonator volume increased 28.4% 

compared Φ3×3.8mm detonators and, therefore, 

increasing the detonators diameter improve detonators 

output performance greater contribution Φ3.4×3.8mm 

the two Φ1mm detonators can be reliably detonate 

guide detonating cord, but also ensures that the 

smallest and detonators. 

 

Fig6. The pressure in the cords with different 

monitors 

4. CONCLUSIONS 

This paper detonator two detonating cord experiment, 

obtained the characteristic of different size detonator 

detonating cord. Then based on the experimental data, 

established the detonator detonating cord two 

calculation model, the detonator detonating cord to 

simulate the process of detonation, change medicine 

thickness and diameter on the output performance of 

the detonator and detonator medicine thickness, 

initiation, obtained the optimum size of detonator. The 

results show that: Φ3×3.8mm detonator detonating 

two to Φ1mm detonating cord, Φ3.85×6.5mm 

detonator can reliable initiation two Φ1mm detonating 

cord; increase the thickness and diameter of booster 

explosive detonator can be reliable initiation 

detonation cord propellant thickness, initiation, which 

increases the detonator in larger diameter to improve 

the detonator initiation the ability of contribution; the 

Φ3.4×3.8mm detonator can reliable initiation two 

Φ1mm detonating cord, and can ensure the minimum 

volume of detonator.. 
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ABSTRACT 

An energetic initiator was developed by integrating 

KNO3@CNTs nanoenergetic materials with a Cu thin-

film microbridge realized onto a ceramic substrate. 

The electro-explosion performances, including the 

voltage and current properties, the electro-explosion 

time, and the explosive sensitivity, of the initiator 

under capacitor discharge were investigated. The 

explosive sensitivity was obtained by Bruccton 

method. The results show that, the Cu thin-film 

microbridge and the KNO3@CNTs initiator conducted 

different electro-explosion behaviours. Compared with 

the Cu thin-film microbridge, the explosive input 

energy was lower. It indicated that the superior 

electric and thermal conductivity of the carbon 

nanotubes and the chemical reaction of the 

KNO3@CNTs nanoenergetic materials were benefit 

for the miniaturization of electro-pyrotechnics. 

1. INTRODUCTION 

An electropyrotechnic (or explosive) initiator that is 

activated by the application of electrical energy is 

used to initiate an explosive, burning, electrical or 

mechanical train [1]. Electropyrotechnic initiators 

have been applied to electroexplosive devices (EEDs) 

[2], micropropulsion systems for microsatellites [3], 

miniature Safe Arm and Fire (SAF) device used in 

missiles, rockets, and munitions [4], triggering the 

inflation of airbags in automobiles [5], and many other 

civil and military systems.  

Nanoenergetic materials (nEMs), due to increased 

surface to volume ratio of the reactants, can result in 

higher energy release in comparison with traditional 

materials. [6,7] Integrating nanoenergetic materials to 

the initiator can improve the ratio of output energy to 

input energy. Many researchers reported the influence 

of carbon materials (carbon black, graphite, fullerene 

soot, C60, carbon fiber, CNTs) in the reaction of 

various propellants or explosives [8-10]. Carbon may 

lower the combustion rate and can contribute to the 

reduction to the ignition temperature. Carbon 

nanotubes (CNTs) can be regarded as being formed by 

the curling of graphene, and its interior is one-

dimensional nano-cavity which provides the ideal 

template for the structure and properties of materials 

in the nano-confinement [11]. CNTs, as a flammable 

substance, with the oxidant filled in its cavity can 

form a new class of nEMs. The agglomeration of the 

nano oxidant can be effectively avoided. In addition, 

the heat exchange efficiency can be increased due to 

the well thermal conductivity of the CNTs.  

In our previous study [12], we have provided a 

feasible way to fabricate the initiator by integrating 

KNO3@CNTs nanoenergetic materials with a Cu thin-

film microbridge. KNO3@CNTs nEMs, embedding 

KNO3 in CNTs, were prepared by wet chemical 

method, and the initiator was prepared by the 

electrophoretic deposition (EPD) of KNO3@CNTs 

nEMs. In this work, the electro-explosion 

performances, including the voltage and current 

properties, the delay time, and the explosive 

sensitivity, of the initiator under capacitor discharge 

were investigated. 

2. EXPERIMENTAL 

The KNO3@CNTs initiator was fabricated by the 

method used in our previous work [12]. First, KNO3 

was filled into CNTs to get the KNO3@CNTs nEMs 

by wet chemical method. The CNTs used in this study 

were purchased from Shenzhen Nanotech Port Co. Ltd 

(Aligned-MWNTs, purity ≥ 95 %, inner diameter of 

10 nm-20 nm, length of 5 µm-15 µm, and special 

surface area of 40 m
2
/g- 300 m

2
/g). Then, the 

KNO3@CNTs nEMs were deposited onto the Cu thin-

film micro bridge by electrophoretic deposition 

(EPD), while the Cu thin-film micro bridge was 

deposited on the substrate by magnetron sputtering. 

The electro-explosion performances were tested 

using a setup shown in Fig. 1. The KNO3@CNTs 

initiators were ignited electrically using a capacitor 

discharger apparatus, whose voltage, current and 

optical spectrum signals were recorded by an 

osillograph (LeCroy TM 44Xs). Under the different 

charging voltages, the electro-explosion times were 

measured by means of optical probe. As changing the 

input energy regularly, the explosive sensitivity was 

obtained by Bruccton up-down method. 
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1-Digital multimeter, 2-Capacitor discharger 

apparatus, 3-Voltage probe, 4-Current probe, 5-

Test platform, 6-Microprobe, 7-Optical probe, 8-

Substrate, 9-Oscillograph 

Figure 1: Measurement setup 

3. RESULTS AND DISCUSSION 

Fig. 2a and b are microscopy images of the Cu thin-

film microbridge and the KNO3@CNTs initiator. The 

length of the bridge area is 2 mm and the width is 1 

mm. Fig. 2c is the sectional view of the bridge area 

after EPD. The sample was treated by gold sputtering 

to achieve clear SEM image. It shows that the 

thickness of the Cu thin-film and the KNO3@CNTs 

film was 0.73 µm and 1.17 µm respectively. Fig. 2d 

shows surface morphology of the bridge area after 

EPD. It can be seen that the KNO3@CNTs nEMs 

tightly covered the Cu thin-film microbridge. The 

whole surface was well distributed without large 

reunion. 

 

Figure 2: Micrographs of (a) the Cu thin-film 

microbridge, (b) the KNO3@CNTs initiator 

after EPD. SEM images of (c) the sectional 

view of the initiator after EPD, and (d) the 

surface morphology of the initiator after 

EPD. 

Fig. 3 and Fig. 4 show the typical characteristic 

curves of the electro-explosion process for the Cu 

thin-film microbridge and the KNO3@CNTs initiator. 

The charging voltage was 110 V and the capacitance 

was 470 µF. The curve of time versus voltage of the 

Cu thin-film microbridge showed only one peak, 

while that of the KNO3@CNTs initiator showed two 

peaks, which indicated that the Cu thin-film 

microbridge and the KNO3@CNTs initiator conducted 

different electro-explosion behaviors. Besides melting 

and vaporization of the Cu thin-film microbridge, it is 

suggested that the chemical reaction of KNO3@CNTs 

nEMs were involved in the electro-explosion process 

of the KNO3@CNTs initiator. 

The electro-explosion time was defined as a time 

interval from electrification to voltage signal transition 

of optical probe. As shown in Fig. 3 and Fig. 4, the 

electro-explosion time of the Cu thin-film microbridge 

and the KNO3@CNTs initiator was 14.8 µs and 39.4 

µs respectively under capacitor discharge (110 V, 470 

µF). Fig. 5 shows the electro-explosion time versus 

charging voltage of the Cu thin-film microbridge and 

the KNO3@CNTs initiator. Compared with the Cu 

thin-film microbridge, the KNO3@CNTs initiator 

possessed longer electro-explosion time under the 

same charging voltage. The electro-explosion time 

exponentially decreased with increasing the charging 

voltage. 

 

Figure 3: Typical characteristic curves of the 

electro-explosion process for the Cu thin-

film microbridge under capacitor discharge 

(110 V, 470 µF) 

 

Figure 4: Typical characteristic curves of the 

electro-explosion process for the 

KNO3@CNTs initiator under capacitor 

discharge (110 V, 470 µF) 
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Figure 5: Electro-explosion time versus charging 

voltage of the Cu thin-film microbridge and 

the KNO3@CNTs initiator under capacitor 

discharge (95 V- 110 V, 470µF) 

The explosive sensitivity was obtained by Bruccton 

up-down method. The test dose N=30. The initial 

stimulus quantity y0 was chosen as the log x0, in which 

x0 was the input charging voltage, and the value of y0 

was 1.55 for the Cu thin-film microbridge and 1.50 for 

the KNO3@CNTs initiator respectively. The step 

d=0.05. The results are shown in table 1. The 99.9% 

explosion voltage was 87.1 V for the Cu thin-film 

microbridge and 51.5 V for the KNO3@CNTs initiator 

respectively. It indicated that the electro-explosion 

input energy was reduced by the KNO3@CNTs 

initiator. 

Table 1: Results of the Bruccton up-down method 

for the Cu thin-film microbridge and the 

KNO3@CNTs initiator 

 
Cu thin-film 

microbridge 

KNO3@CNTs 

initiator 

µ̂  1.605 1.511 

σ̂  0.108 0.0652 

0.999 p
ˆ ˆ ˆy uµ σ= +  1.940 1.712 

0.999x̂ =10E
0.999ŷ  87.1 51.5 

 

4. CONCLUSIONS 

KNO3@CNTs nEMs were integrated with a Cu thin-

film microbridge realized onto a ceramic substrate to 

achieve an energetic initiator. The electro-explosion 

performances, including the voltage and current 

properties, the electro-explosion time, and the 

explosive sensitivity, of the initiator under capacitor 

discharge were investigated. The explosive sensitivity 

was obtained by Bruccton up-down method. The 

results show that, the Cu thin-film microbridge and the 

KNO3@CNTs initiator conducted different electro-

explosion behaviours. Compared with the Cu thin-film 

microbridge, the electro-explosion time of the initiator 

was longer. The 99.9% explosion voltage was 87.1 V 

for the Cu thin-film microbridge and 51.5 V for the 

KNO3@CNTs initiator respectively. The explosive 

input energy of the KNO3@CNTs initiator was lower, 

which indicated that the superior electric and thermal 

conductivity of the carbon nanotubes and the chemical 

reaction of the KNO3@CNTs nanoenergetic materials 

were benefit for the miniaturization of electro-

pyrotechnics. The initiator is supposed to have many 

interesting applications in both civilian and military 

areas. 

REFERENCES 

[1] K. Zhang, C. Rossi, M. Petrantoni, N. Mauran, A 

Nano Initiator Realized by Integrating Al/CuO-

Based Nanoenergetic Materials With a Au/Pt/Cr 

Microheater, J. Microelectromech. Syst. 17 

(2008) 832-836. 

[2] C.S. Staley, C.J. Morris, R. Thiruvengadathan, 

S.J. Apperson, K. Gangopadhyay, S. 

Gangopadhyay, Silicon-based bridge wire micro-

chip initiators for bismuth oxide–aluminum 

nanothermite, J. Micromech. Microeng. 21 

(2011) 115015. 

[3] K. Zhang, S.K. Chou, S.S. Ang, X.S. Tang, A 

MEMS-based solid propellant microthruster with 

Au/Ti igniter, Sens. Actuators A 122 (2005) 113-

123. 

[4] H. Pezous, C. Rossi, M. Sanchez, F. Mathieu, X. 

Dollat, S. Charlot, L. Salvagnac, V. Conédéra, 

Integration of a MEMS based safe arm and fire 

device, Sens. Actuators A 159 (2010) 157-167. 

[5] M.R. Maughan, R.R. Stephens, D.M. 

Blackketter, K.K. Rink, Thermal Stresses Due to 

Laser Welding in Bridge-Wire Initiators, J. 

Electron. Packag. 131 (2009) 011009. 

[6] D. Spitzer, M. Comet, C. Baras, V. Pichot, N. 

Piazzon, Energetic nano-materials: Opportunities 

for enhanced performances, J. Phys. Chem. Sol. 

71 (2010) 100-108. 

[7] C. Rossi, K. Zhang, D. Estève, P. Alphonse, P. 

Tailhades, C. Vahlas, Nanoenergetic Materials 

for MEMS: A Review, J. Microelectromech. 

Syst. 16 (2007) 919-931. 

[8] H. Singh, M.R. Somayajulu, R.B. Rao, K.R. 

Meghasyam, Influence of Carbon on Combustion 

Characteristics of Magnesium-Sodium Nitrate 

Propellant, Propellants Explos. Pyrotech. 16 

(1991) 115-118. 

[9] X. Han, T.F. Wang, Z.K. Lin, D.L. Han, S.F. Li, 

F.Q. Zhao, L.Y. Zhang, RDX/AP-CMDB 

Propellants Containing Fullerenes and Carbon 

Black Additives, Defence Sci. J. 59 (2009) 284-

293. 

[10] H. Wang, F. Zhao, S. Li, H. Gao, Function of 

Carbon Materials Used in Solid Propellants and 

Their Action Mechanism, Chinese Journal of 

Explosives and Propellants 29 (2006) 32-35. 



Rui Guo et al. 

 4

EGC 2013 

[11] W. Yu, P. Hou, L. Zhang, F. Li, C. Liu, H. 

Cheng, Preparation and electrochemical property 

of Fe2O3 nanoparticles-filled carbon nanotubes, 

Chem. Commun. 46 (2010) 8576-8578. 

[12] Rui Guo, Yan Hu, Ruiqi Shen, Yinghua Ye, 

Lizhi Wu, A micro initiator realized by 

integrating KNO3@CNTs nanoenergetic 

materials with a Cu microbridge, Chem. Eng. J 

211–212 (2012) 31–36. 

Acknowledgements 

This research was supported by 2011 Scientific Innovation 

Research of College Graduate in Jiangsu Province (No. 

CXLX11_0277). 



 

 

EGC 2013 

SESSION 6: INITIATION   

The velocities of laser-driven flyers under different acceleration 

chambers and laser energies 

Shaojie Chen, Lizhi Wu
*
, Ruiqi Shen

*
, Yinghua Ye, Yan Hu 

School of Chemical Engineering, Nanjing University of Science and Technology, 200 Xiao Ling Wei, 

Nanjing 210094, P.R. China 

Email address: Shaojie_njust@163.com 

 

Keywords: Laser-driven flyer, Laser initiation, 

Velocity measuring, PVDF. 

ABSTRACT 

The technology of initiation of high explosives 

by laser-driven flyer has been an area of extreme 

interest due to the inherent safety benefits to 

electro-static discharge. The velocity of the flyer 

plate is an important aspect in the understanding 

and implementation of laser initiation of 

explosives. In order to obtain the effects of the 

acceleration chambers on the velocity of 

laser-driven flyer, a systematic investigation of 

Al and Cu flyers’ velocities under different 

acceleration chambers and laser energies was 

performed. The experimental results show that 

within 0.8mm distance the flyer plate being 

accelerated all along. The average velocity 

increased as the laser energy rising and 

decreased with the increases of the foil thickness. 

The influence of the acceleration chambers’ 

diameter on the velocity of the flyer plate was 

not significant in our experiment. 

1．．．． INTRODUCTION 

The technology of initiation of high explosive by 

laser-driven flyer has been an area of extreme 

interest due to the inherent safety benefits to 

electro-static discharge relative to traditional 

initiation technique 
[1-5]

. The velocity of the flyer 

plate is an important aspect in the understanding 

and implementation of laser initiation of 

explosives. But the measurement of the flyer 

velocity is very difficult because of the short 

acceleration time, the high velocity and the small 

size of the flyer. The velocity measuring 

techniques now available, such as VISAR, 

ORVIS, FPI, PDV and so on, are too expensive 

or complex operation, and the data analysis is 

tedious, so the method of GU
[6]

 was used in this 

experiment and replaced the quartz crystal with 

polyvinylidene fluoride (PVDF) piezoelectric 

film. This method is very simple and easy 

operation, but is not accurate compared to these 

above.  

In this study, the velocity of the flyer plate 

formed by laser ablation under different 

acceleration chambers and laser energy has been 

researched. 

2．．．． EXPERIMENTAL ARRANGEMENT 

These experiments were performed using a 

Q-switched Nd:YAG laser of 532-nm 

wavelength, about 800-mJ maximum energy, 

and 15-ns pulse duration in the air. A schematic 

view of the measurement system is shown in Fig. 

1, by which the average velocities of the 

laser-driven flyers were measured. The laser 

pulse is focused with a 150-mm focal length lens 

and is incident onto the surface of the metal foil 

through a 2-mm-thick K9 glass substrate. The 
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Figure 1: A schematic representation of the experimental setup for flyer ablative formation and 

time-of-flight measurement. 

foil (the thickness shows in table 1) was 

deposited onto the substrate by magnetron 

sputtering in a vacuum system. The diameter of 

the irradiated spot on the foil is about 700 µm. 

The beam energy was monitored using a thermal 

surface absorbing energy meter (Ophir, Model 

30A). 

Table 1: Parameters of the metal foil. 

Material Thickness / µm 

Cu 5 7 11 

Al 6 8 16 

 

When the laser beam is incident on the surface 

of the metal film through the transparent 

substrate, a small part of the film is ablated to 

plasma. The film is sheared off by the edge of 

the acceleration chamber and accelerated to a 

high velocity flyer plate as the plasma expanding. 

A piezoelectric signal is obtained by the digital 

oscilloscopes, when the flyer impact onto the 

Polyvinylidene Fluoride (PVDF) film. Because 

the response time of the PVDF is only about a 

few nanoseconds
[7]

. So, this signal can be used 

as the end time t2 of the flight. The starting time 

t1 of the flyer plate recorded by the same digital 

oscilloscopes is the laser pulse signal 

transformed by the photoelectric diode. Figure 2 

shows the original data recorded by the digital 

oscilloscopes. The waveform 1 is laser pulse 

signal, and the other one is the impact signal of 

the flyer plate onto the PVDF film. 

 

Figure 2: The original signal recorded in the 

digital oscilloscopes. 

The time (ablation time) from the laser beam is 

incident on the foil to the flyer plate starts to 

move is very short, generally about a few 

nanoseconds, and is very difficult to measure. In 

this experiment, the ablation time can be ignored 

compared to the flying time of the flyer plate, 

which is between hundreds of nanoseconds and 

several microseconds. So, the average velocity 

Digital oscilloscope 

Laser beam 

Energy meter 

Converging lens 
Substrate 

Acceleration chamber 

Photodiode 

spectroscope 

Metal foil PVDF 
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of the flyer plate can be determined by the 

following equation. 

� �
�

��
 

Where l is the flying distance (length of the 

acceleration chamber), ∆t is the flying time of 

the flyer (t2-t1). 

The acceleration chamber is a very important 

part in the laser driven flyer system. It cuts the 

flyer plate off and ensures the expanding plasma 

in a small space and accelerates the flyer plate to 

a high velocity. So, the material of the 

acceleration chamber must have enough 

hardness and wear resistance to ensure the edge 

of the chamber sharp and straight, also, it must 

have adequate strength and toughness to avoid 

the acceleration chamber cracking or being 

broken under the intense shock and vibration in 

the process of the flyer produced. In this 

experiment, the material of the acceleration 

chamber is T10 stainless steel. Table 2 shows the 

sizes of the acceleration chambers used in this 

experiment. 

Table 2: Sizes of the acceleration chambers. 

Diameter/mm Length/mm 

0.4 0.4 0.6 0.8 

0.6 0.4 0.6 0.8 

0.8 0.4 0.6 0.8 

 

3．．．． RESULTS & DISCUSSIONS 

3.1 Velocities of the flyers under different 

flying distances 

The velocity of the flyer plate is a process of 

gradual being accelerated to the maximum and 

then slows down. So the flying distance should 

neither too short nor too long. In this experiment, 

we have tested the velocities of Cu (5 µm 

thickness) flyer and Al (6 µm thickness) flyer 

plate in three flying distances. Figure 3(a) shows 

the average velocities of Cu flyer plates in 

different flying distances. With the increase of 

the laser energy, the velocities of the flyer plates 

in 0.6mm and 0.8mm length acceleration 

chambers increase gradually to the maximum 

about 4000 m·s-1. However, in 0.4mm length 

acceleration chamber, the velocity of the flyer 

plate is around 2250 m·s
-1
~2500 m·s

-1
 with small 

changes when the laser energy is greater than 

109mJ. In addition, the velocities of the flyer 

plates show an upward trend with the flying 

distance from 0.4mm to 0.8mm. The influence of 

the flying distance on the Al flyer plate is similar 

to the Cu flyer plate, shows in figure 3(b). So, 

we can infer the flyer plate is accelerated all 

along within 0.8mm distance after produced. 

 

(a) 

 

(b) 

Figure 3: The average velocities of Cu flyer 

plates (a) and Al flyer plates (b) in 

acceleration chambers of Φ 0.8mm and 

three different lengths. 
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3.2 Velocities of the flyer plates under 

different diameters of acceleration chambers 

Figure 4(a) shows the influence of the diameter 

of the acceleration chamber on the velocity of 

the Cu flyer plate (5 µm thickness). The average 

velocities of the Cu flyer plates rise with the 

increase of laser energy. Within 67mJ~264mJ 

laser energy, the velocities of the flyer plates are 

interlaced under the three diameters of the 

acceleration chambers and difficult to 

distinguish which one is the best. However, 

when the laser energy is greater than 264mJ, the 

velocity of the flyer plate in the Φ0.6mm 

acceleration chamber is higher (maximum is 

close to 3500 m·s
-1
) than the other two 

(maximum is only about 2850 m·s
-1
). This 

similar phenomenon is also found in the velocity 

of Al flyer plate (6 µm thickness) shown in 

Fig.4(b). 

 

(a) 

 

(b) 

Figure 4: The average velocities of Cu flyer 

plates (a) and Al flyer plates (b) in 

acceleration chambers of 0.4mm length 

and three different diameters. 

Overall, the influence of the acceleration 

chamber diameter on the velocity of the flyer 

plate is not significant. The reason is all the 

chambers’ diameter are close to or smaller than 

the laser focal spot size (0.7 mm), however, the 

diameter of the plasma generated between the 

metal film and the glass substrate is about 

1mm~2mm. When the plasma expands, the hole 

of the acceleration chamber is absolutely in the 

sphere of the plasma, so, the energy of unit area 

of the flyer plates got from the plasma under 

different acceleration chamber diameters is 

basically the same. 

3.3 Velocities of the flyer plates under 

different thicknesses 

From figure 5(a), we can see the influence of 

thickness on the velocity of Cu flyer plate. 

Under different laser energy, the velocity of 5 

µm thickness Cu film is the biggest, between 

2000 m·s
-1
 and 2450 m·s

-1
. The velocity of the 

flyer plate reduces with the increase of the 

thickness under the same laser energy. With the 

increase of laser energy, the velocity of Cu flyer 

plate goes up at first until reaches to the 

maximum within 203mJ~264mJ, and then goes 

down moderately. This is mainly because when 

the laser energy is small, the laser can pass 

through the K9 glass substrate easily, however, 

when the laser energy enhanced the ablation of 

the glass occurs and with the increase of the 

laser energy the damage of the glass is more 

serious (shows in figure 6). That means, the 

bigger the laser energy, the more waste in 

ablation of the glass. So the proportion of the 

total incident laser energy reaches the surface of 

the metal film reduces and the coupling 

efficiency of the kinetic energy of the flyer plate 

decreases. 

The influence of thickness on the velocity of Al 

flyer plate (shows in Fig.5(b)) is similar to Cu 
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flyer plate.

 

 

(a)                                      (b) 

Figure 5: The average velocity of Cu flyer plate (a) and Al flyer plate (b) in acceleration chamber 

of Φ0.8mm×0.4mm. 

 

Figure 6: The ablation of the K9 glass substrate caused by the laser energy. 

 

4．．．． CONCLUSIONS 

A systematic investigation of thin metal flyer 

plate acceleration under different acceleration 

chambers and laser energy was performed by 

measuring the flyer plate’s velocity. The 

experimental results show that within 0.8mm 

distance the flyer plate is being accelerated all 

along. The average velocity increases as the laser 

energy rises and decreases with the increases of 

foil thickness. The influence of the acceleration 

chamber diameter on the velocity of the flyer 

plate is not significant in our experiment.  
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ABSTRACT 

Laser initiation of energetic materials is one of the 

most promising methods of initiating combustion, 

deflagration or detonation in energetic materials. 

Understanding the mechanism of the interaction of 

laser and energetic materials is important to the 

reliability and safety of laser initiators and firing 

systems. Laser-induced dissociation pathways of 

hexahydro -l,3,5-trinitro-l,3,5-triazine (RDX) has been 

investigated with a focused laser beam of 1064nm, 

about 800mJ maximum energy and 15ns pulse width 

by time of flight mass spectrometer (TOFMS). When 

the short-pulse laser beam was focused onto the RDX 

sample surface, a small volume of the sample was 

ablated and the reaction happened. Highly energetic 

plasma that contains free electrons, excited atoms, and 

ions was formed on the surface. The ions produced 

from the RDX sample surface was accelerated by the 

accelerating field and then detected by a pair of 

microchannel plates (MCPs). The mass spectra of both 

positive and negative ions were obtained. Major peaks 

were assigned to direct fragments from RDX. 

According to the possible distribution of the 

decomposition products, possible decomposition paths 

of RDX were proposed. The results show that TOFMS 

is a useful tool for revealing the decomposition of 

energetic materials under laser irradiation and may 

possibly throw some light on our understanding of the 

reactions taking place in laser ignition. 

1. INTRODUCTION 

Optical initiation with a laser beam offers several 

potential advantages: a) safety would be greatly 

improved since SE is immune to accidental initiations 

from electrostatic discharge, mechanical shock or a 

heat source; b) precisely timed release; c) Multi-point 

simultaneity can be easily achieved; d) great 

versatility in initiating explosives of varied sensitivity, 

since the output energy and the power of the laser can 

be easily adjusted electrostatic discharge, mechanical 

shock or a heat source; e) great versatility in initiating 

explosives of varied sensitivity, since the output 

energy and the power of the laser can be easily 

adjusted; f) more efficient energy coupling via 

resonant excitation of discrete electronic or vibrational 

transitions [1,2]. Hexahydro -l,3,5-trinitro-l,3,5-

triazine （RDX） is a highly symmetric, energetic 
compound often used as a secondary explosive, which 

has been the subject of a number of studies regarding 

the sensitivity and mechanism of decomposition in 

energetic materials [3-4]. There have been studies on 

decomposition of RDX initiated by Infrared (IR) 

lasers, which is utilized as a versatile heating source. 

Earlier work done on molecular gas-phase RDX 

exposed to CO2 laser pulses were carried out by 

Zuckermann and Zhao et al. The results of 

Zuckermann[5] from laser induced fluorescence 

experiments showed the existence of OH radicals. 

Studies from Zhao[6] suggested that the N-N bond 

rupture and ring scission are two competing reaction 

pathways with the later one being the primary channel. 

Wight and Botcher carried out experiments in which a 

pulsed CO2 laser (wavelength 944 cm-1) was used to 

dissociate condensed-phase RDX. The FTIR spectra 

of the products showed the presence of N2O4, a NO2 

dimer molecule. Therefore, they proposed N-N bond 

fission is the initial reaction step. They also suggested 

no ring scission mechanism took place [7, 8]. Capellos 

et.al [9] studied the decomposition of molecular gas 

phase RDX induced by an unfocused KrF excimer 

laser beam. Electronically excited NO2 and OH were 

observed in the emission spectra and were postulated 

to derive from N-N bond rupture and a loss of HONO 

group, respectively. More recently, Bernstein’s group 

has carried out a series of studies on UV-laser induced 

decomposition of isolated gas-phase RDX, which is 

produced from a combination of matrix assisted laser 

desorption (MALD) and supersonic molecular beam 

techniques [10-13].  

The dissociation process of RDX under 532nm was 

studied in our previous work [14]. To gain a better 

understanding of the processes involved in ion 

formation and occurring after 1064nm laser 

irradiation, it is of interest to know the various 

reactive transient species and intermediates which are 

generated by laser ablating RDX. The ablation 

products contain a lot of ions fraction which is tested 

by a time of flight mass spectrometer (TOFMS). 

2. EXPERIMENT 

The apparatu used in this study was a reflectron time 

of flight mass spectrometer. It was combined with a 
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vacuum chamber, pumping down to 4×10-4 Pa with 

two turbomolecular pumps. The fundamental 1064nm 

output from a Q-switched Nd:YAG laser (LOTIS TII, 

LS-2147, 800mJ@ 1064 nm/15 ns) was focused by a 

quartz lens (f=500mm) to the sample surface, with a 

spot size of about 0.8 mm2. The energy of the laser 

pulse was measured with an energy meter (Ophir, 

Model 30A). The time delay was monitored via an 

adjustable time delay generator. The sample was 

located outside the acceleration electrodes of the time-

of-flight (TOF) spectrometer, and the laser beam 

passed through the acceleration zone in a direction 

perpendicular to the acceleration field. After 

ionization, the laser generated plasma diffused into the 

acceleration zone by its initial kinetic energy and were 

accelerated by a pulsed electric field and were 

detected with a dual microchannel plate (MCP). The 

ions were mass analyzed by its flight time. The TOF 

signals were accumulated 128 times by a digital 

oscilloscope (Tektronix, DPO7140) to improve the 

signal-to-noise ratio. Figure 1 shows a schematic 

diagram of the experimental setup. 

 

Figure 1 A schematic diagram of the experimental 

setup. 

2. RESULTS AND DISCUSSION. 

Typical mass spectrum of positive ions is shown in 

Fig.2. The peaks with the highest intensity in the 

positive ion spectrum is at m/z =30, corresponding to 

the NO or CH2O fragments. Another relatively strong 

peak appears at m/z =18, and can be assigned to H2O 

or NH4, respectively. A series of peaks are observed at 

m/z=40, 42, 43, 44, 46 and 47, and can be assigned to 

CN2 or C2H2N, N(CH2)N or (CH2)2N, NCOH, N2O or 

CO2 or CH2NO, NO2 and HONO, respectively. The 

results from the thermal decomposition of the 

isotopically labeled RDX show that the formula for 

the ion signal at m/z = 45 is H2NCHO and is probably 

formamide. Likewise, the results also show that the 

formula that corresponds to m/z = 59 is CH3NHCHO 

and is most likely N-methylformamide 
[15]
. A series of 

small peaks appeared in m/z= 57, 58, 59 and 60, these 

ions could be ascribed to (CO)NH(CH2) or N(COH)N, 

CNO2 or (COH)NH(CH2), CHNO2 and CH2NO2 or 

NNO2, respectively. Some other peaks can be seen at 

m/z=16, 19, 24, 27, 28, 74, 79 and 86, which may be 

due to CH4 or O, H3O, C2, C2H3 or CHN, N2 or CO or 

C2H4 or CH2N, CH2NNO2, (HC)N(CN)2 and 

(CH)2NNO2, respectively. 

 

Figure 2 A TOF mass spectrum of positive ions of 

RDX produced by laser ablation 

The position of the peaks of negative ion mass 

spectrum under 1064nm is similar to that under 

532nm 
[14]
. The difference is the intensity of the main 

peaks. Fig.3 shows the mass spectrum of negative ions 

of the pure RDX sample. The peak with the highest 

intensity in this sequence of spectrum is at m/z=106 

and corresponds to CH2(NO2)2 fragment. Unlike at 

532nm, two small new peaks appeare in m/z=98 and 

100, these two peaks can be ascribed to (CH2)3N2(NN) 

and (CH2)3N2(NO). Some relative strong at m/z=26, 

46, 88 and 134 are CN or C2H2, NO2, (CH2)NNO2 and 

H2C(N-NO2)2. Finally, some low intensity peaks are 

observed at m/z= 42, 64 and 84 are most likely the 

CNO or (CH2)2N or CH2N2 and (CH2N)3 species, 

respectively. 

 

Figure 3 A TOF mass spectrum of negative ions of 

RDX produced by laser ablation  

The products assigned in the positive and negative 

spectra reflect the partial chemical structure of RDX 

(m/z=222) and can be viewed as direct fragments. The 

RDX (m/z=222) ring lost a NO2 (m/z=46) group to 

form (CH2)3(NNO2)N (m/z=176). Although m/z = 176 

was not detected, reaction (I) might exist. Two C-N 

bonds of the (CH2)3(NNO2)N (m/z=176) ring broke up 

to give two fragments CH2(NNO2) (m/z=134) and 

(CH2)2N(m/z=42), the observed peaks at m/z=134 and 
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42 supported reaction (II). After the rearrangement 

and the fracture of the bonds, the CH2(NNO2) 

(m/z=134) decomposed to form two small fragments, 

N2 (m/z=28) and (CH2)(NO2)2, the peak corresponding 

to m/z=106 was strong, and the peak of m/z=28 was 

obvious, this gave evidence for reaction (III). 

An oxygen atom transfered from the nitramino group 

to a neighboring carbon to form an eight member ring 

oxadiazole intermediate, it can ring-open and lose 

N2O, CH2O, NNO2 and (CH2)2NO2 to give m/z=44, 

30, 60 and 88, respectively(seen in reaction IV and V). 

The m/z = 74 peak with the possible formula of CH2N-

NO2 was most likely from concerted triple 

dissociation of the RDX molecule as shown in 

reaction (VI). Reaction (VIII), (V) and (XI) can be a 

reason for m/z=30 and 44, corresponding to H2CO and 

N2O. Behrens et.al proposed the similar reaction
[15]
. 

The m/z=47 and 27 peaks indicated reaction channel 

(VII) and (IX), which could produce HONO and 

HCN. 

 

3. CONCLUSIONS 

TOFMS with its unique advantage has been 

successfully used to study the dissociation 

process of RDX under 1064nm irradiation. 

Both positive and negative ions were 

detected, and possible distribution of the ions 

was analyzed, a lot of reaction can lead to 

these ions, some possible reactions were 

proposed to give a reason for the formation 

of them. Of course, some other reaction may 

exist, others methods could be used to 

confirm the most possible reaction. It is 

worthwhile paying more attention to these 

dissociation mechanisms both experimentally 

and theoretically due to their importance in 

understanding the mechanisms of laser 

initiation. 
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ABSTRACT 

Novel high power black body flare compositions have been 

developed and deployed in 36 mm flares. The specific 

energy of these compositions reaches 250 % of the specific 

energy of a good MTV (Magnesium-Teflon-Viton) on 

average. The rise time of these flares is almost an order of 

magnitude faster than is realistic with an MTV. With this 

performance increase it has become possible for the first 

time to meet and exceed the extremely high requirements of 

a 36 mm flare, especially, if jet fighters such as the F-18 are 

to be protected. It has also become possible to replace any 

2x1x8" black body flares with 1x1x8" flares doubling the 

number of flares on board. 

The advanced compositions generate a highly realistic 

volume effect (tail effect), which mimics the infrared 

signature of a real exhaust plume spatially. The tail is 

adjustable in length and intensity and can be matched to 

reproduce the tail dimensions of different jet engines. This 

enables the compositions to be used in flares intended to 

defeat more advanced conical or rosette scanners and even 

imaging detectors, provided they do not resolve the 

signature spectrally. 

The mechanical and thermal sensitivity of the compositions 

is lower and the response to initiation is considerably less 

severe than those of MTV. Mechanically the novel 

compositions are 3 to 6 times stronger than MTV enabling 

their use in caseless kinematic flares and at very high 

airspeeds. The new 36 mm flares have been tested up to 250 

m/s (500 kts) airspeed at sea level at -54oC temperature. 

They have also survived lock down tests at +80 oC. 

1. INTRODUCTION 

Diehl BGT Defence (DBD) has been developing 

infrared decoy compositions, flares and their 

components since 2008. The 36 mm flares are a 

special challenge, since these flares are being 

deployed on large platforms and jet fighters, most 

notably the P3 Orion and F-18. These platforms are 

old and have a high signature, which the flare has to 

match or exceed in order to be able to decoy an older 

seeker efficiently. At the same time, the 36 mm flare 

with 100 to 130 g of composition is practically the 

same size as the common 1x1x8” flare having about 

100 g of composition. Large platforms are frequently 

protected by larger flare calibres such as 2x1x8”, 55 

mm or 2x2x8” having about 250 g, 500 g and 500 g 

composition, respectively. Hence, the requirement for 

the 36 mm flares is extremely hard: build a flare with 

at least 170 % of the performance of a current 1x1x8” 

flare not using more composition. At the beginning of 

the development no compositions were known with 

this high a performance advantage compared to the 

ubiquitous MTV (Magnesium-Teflon-Viton) and with 

bispectral flares the situation was even worse. A 

decision was made to develop the black body flares 

first, because this flare type defeats the most 

proliferated and hence the highest threat today: the 

man portable air defence system with a first 

generation seeker (Table 1). 

Table 1: Seeker generations. 

Gen. Characteristics Appropriate flare 

1 
Reticle scanner 

in shortwave IR 

MTV as bright as 

possible, no volume 

effect required, fastest 

possible rise time 

2 

Improved 

scanner (conical, 

rosette) in short 

or midwave IR 

MTV as bright as 

possible, volume 

effect, delayed 

separation, fastest 

possible rise time 

3 

Two color 

seeker in short 

and midwave 

ranges, scanner 

like Gen. 2 

Spectrally matched, 

delayed separation, 

adapted rise time, 

volume effect 

beneficial 

4 

Imaging sensor 

array or IR 

camera 

Aerodynamic/propelled 

with volume effect, 

trajectory and  rise time 

matched 

5 

Two color 

imaging sensor 

array 

Spectrally matched 

with volume effect, 

aerodynamic/propelled, 
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trajectory and rise time 

matched 

More energetic compositions than MTV have been 

sought after for a long time (Gongpei 1991 – Koch 

2009), but only marginal improvements have been 

reached. This is no longer an issue. Diehl BGT 

Defence is building operational 36 mm black body 

flares containing materials exceeding more than twice 

the performance of MTV. 

2. COMPOSITIONS 

2.1. Volume effect 

A black body composition can be improved over the 

level of MTV by a number of means. One of the most 

important of these is an increased total emissivity, i.e. 

higher energy conversion efficiency from chemical 

energy to infrared radiation. There are several means 

of achieving this goal. One of these is to increase the 

emitting surface area by introducing a volume effect.  

The volume effect serves also for other purposes: the 

flare becomes efficient against more advanced 

scanners, because it is no longer a point source of 

radiation, which more advanced seekers can easily 

discriminate as a flare. A volume effect also provides 

an obscuring effect (Fig. 1), if the flare resides 

between the seeker and the target. Of course, such an 

effect does not last long, but it definitely increases the 

decoying probability and disturbs even imaging 

seekers. Moreover, a tail effect greatly enhances the 

performance of the flare at airspeed because the loss 

of performance is less than that of a point flare. The 

radiance of every flare composition is strongly 

reduced by airspeed due to the cooling effect of the 

ambient air as for instance Koch (2001) has pointed 

out. If the burning material is braked down quickly 

before it has burned out, the negative effects of 

airspeed can be greatly reduced. 

 

Figure 1: 36 mm advanced black body flare ejected 

at 150 m/s airspeed at 90 degree angle, 

imaged at 600 m distance with an MWIR 

camera (3 to 5 µµµµm). 

2.2. Combustion characteristics 

An MTV allows for a combustion rate adjustment 

between approximately 2 and 12 mm/s at densities 

above 80 % or the theoretical mean density (TMD). 

MTV compositions burning faster than about 5 mm/s 

tend to have very poor specific energies typically 

reaching 30 to 60 % of that of a good MTV with a 

burn rate 2.5 to 3 mm/s. Consequently, the burn rate 

range of optimal MTV compositions is very narrow. 

This limits the applicability of MTV to traditional 

pellet geometries with grooves, holes or slots in order 

to adjust the mass consumption rate to a desired 

intensity profile. 

With the advanced black body compositions these 

limits have been extended from 0.5 mm/s up to 100 

mm/s burn rates at densities above 80 % TMD. The 

highest specific energies can be reached over a range 

of 1.0 up to 25 mm/s burn rates, which is also a much 

larger span than any MTV can reach. This 

considerably increases the operational applicability 

enabling simplified pellet geometries (e.g. a cigarette 

burner with 100 % filling ratio) and an increased 

amount of payload in a flare. The ignition is also 

greatly simplified, if only one face of a pellet needs to 

be ignited also affecting a very fast rise time. By using 

different burn rates in a single flare pellet programmed 

intensity patterns become very simple to implement. 

The advanced compositions generate a considerably 

larger flame than MTV does, a typical flame envelope 

being about five times larger than that of MTV (Fig 

2). The tail parts of the flame envelope are stretched 

due to the volume effect while the front parts of the 

flame are enlarged by multiple combustion zones 

(Hahma 2010). These mechanisms bring about not 

only a larger flame, but also a greatly increased 

emissivity and improved energy conversion 

efficiency. 

 

Figure 2: VIS images of 36 mm MTV (left) and 

advanced black body flare (right). The flame 

envelope of the latter is considerably larger. 

Both flares contain the same amount of 

composition at the same pellet geometry and 

burn rate. 

2.3. Radiation characteristics 

The current advanced composition has 230 % of the 

average specific energy of a good MTV measured 

over the shortwave (SW) band and 280 % MTV 

energy, if measured over the midwave (MW) band. 
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The spectral ratio of the advanced composition is 

approximately 0.9:1 (MW:SW) compared to about 

0.6:1 for MTV (Fig. 3), which is due to a lower flame 

temperature than that of MTV. The flame temperature 

has been optimized to maximize the total energy 

radiated within the SW and MW bands, hence, it must 

be lower than the MTV flame temperature, which 

optimizes the energy efficiency within the SW band 

only. At the same time, the signature in UV and VIS 

ranges is only 20 to 30 % of that of MTV.  

 

Figure 2: 36 mm advanced black body flare static 

firing compared against an MTV flare. The 

advanced flare was fired at -54
o
C, MTV at 

ambient temperature. Both flares have been 

normalized to an equal mass. Instrument: 

SR-5000 in spectral mode. 

2.4. Mechanical characteristic 

The mechanical properties of a flare composition 

should match or exceed those of MTV, which is 

mechanically strong enough for normal flares, but not 

strong enough for caseless kinematic flares. The novel 

compositions were designed from the beginning to 

meet this criterium and their compressive and bending 

strengths are 3 to 6 times higher than those of MTV. 

This allows for more resistance to vibration and other 

mechanical stresses and enables building caseless 

kinematic flares.  

The advanced compositions can be compacted up to 

99 % of TMD and their densities are approximately 

the same as that of MTV ranging from 1600 kg/m
3
 up 

to 2000 kg/m
3
 (MTV: 1800 kg/m

3
). The compositions 

behave differently upon mixing and dosing compared 

to MTV, which is a slightly sticky powder. The 

advanced compositions are free flowing granulates 

with similar flowing properties to black powder 

making their handling easier, but often requiring a 

higher compaction pressure than MTV does. This is 

obvious, because the materials are harder and stronger 

than the wax like MTV. To make them flow while 

being compacted a higher pressure is required. 

2.5. Sensitivity 

All of the advanced compositions are insensitive 

materials even to such an extent, that they could not be 

reliably ignited until totally new ignition compositions 

were developed. If a traditional MTV paste is applied 

as an ignition compound on flares pellets made of 

almost any of the advanced compositions, the ignition 

paste will flash off leaving a smoldering pellet behind, 

which may or may not ignite. In static tests such 

pellets frequently fell back on the ground and 

sometimes started slowly burning only after coming to 

rest. 

The exact values for friction and impact are not 

known, because none of the compositions are ignited 

with the maximum loading of the apparatus. Hence, 

friction sensitivity is >360 N by BAM method (no 

ignition at 360 N loading) and the impact sensitivity is 

>100 J by BAM method (no ignition with 10 kg 

weight at 1 meter height). The compositions are also 

thermally less sensitive than MTV. The onset by DSC 

(differential scanning calorimetry) for the current 

composition is 450
o
C while that of MTV is 420

o
C. 

2.6. Ignition properties 

Because of the insensitivity the advanced black body 

compositions are extremely hard to ignite leading to 

duds or very long delays if traditional ignition pastes 

are used. This is a real challenge, since the ignition 

compound not only has to ignite the main pellet but 

also needs to provide a sufficient radiation power level 

until the main pellet starts burning at full power. A 

non-augmented ignition process may take up to 

several seconds with the advanced compositions, 

especially in the cold and at high airspeeds. 

Traditional pastes cannot provide such a performance, 

they tend to burn very fast and typically have 30 to 50 

% of the specific energy of a good MTV. As the main 

composition provides over 200 % of MTV power and 

the ignition compound must reach this level also, it 

becomes impossible to use traditional MTV pastes. A 

MTV flare typically contains about 10 % of its pellet 

weight as ignition paste, which is barely sufficient to 

raise the radiation power up to the same level as the 

main pellet emits. This amount of paste occupies 

approximately 20 to 25 % of the pellet volume. A 

typical MTV paste has a density less than 40 % of 

TMD while the advanced pastes do not have to be that 

porous to burn fast, but their densities are around 60 to 

70 % of TMD. This means that twice the amount of 

paste with five times the specific energy can be 

packed into the same volume. This explains the 

impossibility with a traditional paste: in order to 

replace the advanced paste with a traditional paste a 

tenfold amount would be required, i.e. more than 

twice the volume of the entire pellet would have to be 

filled with the ignition paste to contain enough 

radiation energy to reach the power level of the main 

pellet. In addition, MTV paste cannot gap such a long 

time span as is required to light up the advanced main 

compositions and the radiation level would receive a 

notch at the beginning. This kind of behaviour is 
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undesirable. Instead, the power level should rise and 

stay up from the beginning. 

In order to be able to deploy the novel compositions as 

an actual flare a totally new kind of an ignition paste 

also had to be developed. These pastes are based on 

the same principles as the main compositions and are 

able to provide over 200 % of the specific energy of 

MTV. They also provide a much higher heat flux onto 

the surface they are attached to igniting the main pellet 

faster than an MTV paste can. In addition, the heat 

flux is further increased by higher density than that of 

an MTV paste. With these materials it has become 

possible to reach rise times even shorter than those of 

a traditional MTV not using more paste than 10 % of 

the main pellet mass. Additionally, these pastes are 

much less sensitive than a traditional paste and cannot 

be ignited with a BAM fallhammer or with a BAM 

friction apparatus at their full loadings. Consequently, 

the pastes themselves also require a stronger ignition 

impulse than a traditional paste does. In order to 

provide such a strong ignition pulse, a completely new 

sequencer design is required.  

2.7. Rise time considerations 

The advanced black body compositions have a tail 

effect, which provides a large portion of their high 

power. This effect brings about a penalty: the flare 

must travel at least the distance equal to one tail 

length, before the full power has been reached. If the 

tail is, say, 10 meters long and the flare is ejected at 20 

m/s, it takes half a second until the full power is out. 

This gap has to be filled in with the ignition paste. A 

longer tail calls for a slower paste, because the time to 

full power is longer and the paste has to augment the 

power at this stage. This affects a slower initial rise 

time, because the mass consumption rate becomes 

lower.  

 

Figure 3: 36 mm advanced black body flare rise 

time and intensity profile. Note the paste 

burning out at shortly after the rise time 

specification, where a small notch can still be 

detected. This is uncritical, since the radiated 

power at this point reaches approximately 

the six fold of the requirement. Instrument: 

SR-5000 in radiometric mode with a band 

filter. 

A compromise must be made between a fast rise time 

and tail length, i.e. rise time vs. maximum power and 

energy. The longer the tail the more power the flare 

provides due to increased airspeed tolerance and due 

to a higher efficiency, but the slower its rise time will 

become and a risk of developing a notch at the 

beginning increases. As a result, the current 

composition has been adjusted in such a way that the 

full power will be reached approximately within the 

rise time specification at the most unfavourable 

conditions leaving a lot of safety marginal as far as the 

rise time to the specified power level is concerned. 

The rise time penalty due to the tail is compensated by 

using two different pastes: a fast one providing the 

required intensity level very fast and a slower one 

closing the gap from the beginning up to the point, 

when the main composition reaches almost the full 

power. This affects a rise time to the twofold specified 

power in a time shorter than the quarter of the rise 

time specification in a static test without a dive of the 

power level at the beginning (Fig. 3). The power and 

energy are compensated for by multiple combustion 

zones in the flame as well as by employing spectral 

compression and materials with a practically 

theoretically high emissivity within the bands of 

interest. 

 

3. SEQUENCER 

A composition or a pellet is not a complete flare, but 

the flare and especially its rise time are a sum of all 

components, not only the compositions. In addition to 

the compositions the main external source of delay is 

the sequencer.  

Traditional sequencers can cause very long delays 

before they ignite the payload and even the best ones 

typically cause a delay of about 20 to 30 % of the 

specified rise time, especially in the cold (-54
o
C). The 

more difficult ignitability of the advanced ignition 

paste causes this delay to grow to about by a factor of 

ten, if a traditional sequencer is used with the novel 

pastes. In order to be able to use a traditional 

sequencer at all with the advanced compositions, a 

traditional MTV paste would be required on the pellet 

surface facing the sequencer to act as a booster for the 

more insensitive advanced paste. This is highly 

undesired, since such a paste would negate the 

insensitivity properties of the entire flare. As a result, 

a completely new sequencer design was required in 

order to fulfil the rise time specification for a black 

body flare with the advanced compositions.  

The new design reduced the sequencer delay to almost 

zero while being extremely safe at the same time (Fig. 

4). The new sequencer design has been demonstrated 

to survive a lock down test at +80
o
C at zero distance, 

i.e. the pellet was not allowed to move at all. 
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However, this harsh a test is not a requirement and the 

sequencer was never designed to cope with it, but only 

survive a lock down distance of 12 mm or more, 

which it obviously does. 

 

Figure 4: The flare pellet is lit 1 ms after leaving 

the casing at -54
o
C in a static test. The 

sequencer action time is thus less than 1 ms. 

The sequencer design is about as simple as is possible 

with a total 5 parts. The sabot skirt could be integrated 

with the frame and the retaining pin could be replaced 

by plastic teeth on the slider reducing the total number 

of parts to three, however, these changes were not 

deemed necessary as the design is very successful and 

simple enough as it stands (Fig. 5). 

 

Figure 5: The new 36 mm sequencer design with all 

5 parts visible (Hahma 2012). 

The new sequencer has proved to be very fast. Its 

action time at -54
o
C is less than 1 ms and at -70

o
C less 

than 15 ms. The action time here means the time from 

the sequencer exit up to the point, when the payload is 

already emitting radiation and it includes the delays 

caused by the flare pellet. 

4. CONCLUSIONS 

A completely new 36 mm black body flare was 

developed including all pyrotechnic compositions and 

a novel sequencer design. These flares can for the first 

time fulfil the requirements for 36 mm flares at any 

airspeed they are being deployed at. These flares have 

a particularly fast rise time and are probably the fastest 

black body type flares built so far. 

The specific energy of the flares reaches 250 % of 

MTV specific energy on average based on static tests. 

The flares generate a realistic looking volume effect 

mimicking the shape of an exhaust plume from a jet 

engine in the infrared range. These flares have been 

successfully tested up to 250 m/s (500 kts) airspeed at 

-54
o
C temperature at sea level. The flares have passed 

the lock down test at +80
o
C at 12 mm and even at zero 

distance. 
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ABSTRACT 

To improve the reliability of solid propellant 

microthruster，we chose compound based on nano-
thermite as ignition charge. The compound is 

composed by a different content of nano-thermite 

prepared by sol-gel method or ultrasonic method 

(Al/CuO, Al/Fe2O3 or Al/Bi2O3) ,explosive HMX (the 

average particle size is 11µm) and nitrocellulose (NC) 

used as a  binder .To get the appropriate ratio of the 

compound, we compared the combustion process in 

the microsacle chamber recorded by a high-speed 

video and the thermal analysis obtained by DSC-TG 

analysis. 

1. INTRODUCTION  

With the development of MEMS technology, 

many countries have put forward the concept of 

micro/nanosatellite. The micro/nanosatellites have the 

advantages of lower emission cost and shorter 

development cycle. Micro/nano satellites need 

accurate propulsion to attain orbit transfer, attitude 

control, and station keeping. Several solid propellant 

microthrusters with different configuration have been 

fabricated by MEMS technology since 1999
[1]
. The 

operation principle of the solid propellant 

microthruster is as following:firstly, the temperature 

of micro heater is raised to the ignition temperature; 

then the combustion of propellant in microscale 

chamber converts the chemical energy efficiently into 

useful micropropulsion energy. Energetic materials 

(EMs) are the key to the microthruster. In the 

previously studies, lead styphnate(LTNR) or 

zirconium perchlorate potassium (ZPP) were chosen 

as ignition charge of the solid propellant 

microthrusters because of its high thermal sensitivity. 

But the ignition of LTNR or ZPP could convert to 

detonation in microchamber. We have to explore new 

energetic materials as ignition charge of the 

microthruster. 

In this paper, we study the compound based on 

nano-thermite. The compound is composed by a 

different mass content of nano-thermite prepared by 

sol-gel method, explosive HMX and nitrocellulose 

(NC) used as binder. The nano-thermite can be 

synthesized by mechanochemical process
 [2]
, spray 

pyrolysis
[3]
, ultrasonic method, sol-gel method and so 

on. In this paper we synthesized the nano-thermite by 

ultrasonic method (Al/Bi2O3, Al/Fe2O3) and sol-gel 

method (Al/CuO).HMX was prepared by re-

crystallization using solvent-nonsolvent method. The 

mean diameter of HMX is 11µm.  

2. EXPERIMENTAL SECTION  

2.1 Nanothermite Preparation 

Bismuth trioxide (Bi2O3) nanoparticles was 

prepared by solution combustion synthesis
 
Firstly, 

molten bismuth nitrate pentahydrate(Bi(NO3)3·5H2O) 

was dissolved into molten organic compound-amino 

acid (glycine, CH2NH2CO2H) in a ceramic dish. Then 

the clear homogeneous solution was introduced into a 

muffle furnace preheated up to 250 ℃ at the rate 1 ℃·s−1 after stirred for 1 h. The white-yellow 
nanoparticles left in the dish were Bi2O3. 

Aluminum, cupric oxide (CuO) andα-ferric oxide 

(α-Fe2O3) oxides powders were purchased from 

Aladdin Co. The mean diameter of Al particles is 

50nm. The mean diameter of α-Fe2O3 particles is 

30nm. The mean diameter of (CuO) particles is 40nm. 

The mixtures of as-synthesized metal oxide 

(Bi2O3, CuO or Fe2O3) powders and Al particles were 

mixed in closed cylinder containing hexane to prevent 

electrostatic charge buildup for up to 4h using 

ultrasonic bath. We got Al/ Fe2O3 or Al/ Bi2O3 after 

the mixture was dried in a vacuum oven at 50℃. The 
SEM images of nano-Al and as-synthesized nano-

Al/CuO are shown in Fig 1.  
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a. SEM image of Al              

b. SEM image of as-synthesized Al/CuO 

Fig1.SEM images of Al and as-synthesized 

Al/CuO 

2.2 Ignition charge 

We chosen the compound based on nano-thermite 

as the ignition charge for the micro-thruster. The 

ignition charge is used to ignite the propellant stored 

in the microchamber. So the ignition charge should be 

formulated to lower ignition energy. In this paper, we 

studied the combustion performance of the mixtures 

with different content of nano-thermite and HMX. The 

nano-thermite was selected, in an amount of 45%, 

85% or 95% by weight relative to a total quantity of 

the mixture, from the group consisting of Al/CuO, 

Al/Fe2O3 and Al/Bi2O3 (see Table 1).The mass 

content of nitrocellulose (NC) which was used as 

binder was always 5%.  

Table1. Mass Content of Different Component 

 

 Nano-

thermite 
HMX NC 

1# 

Al/CuO 

95 0 5 

2# 85 10 5 

3# 45 50 5 

4# 

Al/Fe2O3 

95 0 5 

5# 85 10 5 

6# 45 50 5 

7# 

Al/Bi2O3 

95 0 5 

8# 85 10 5 

9# 45 50 5 

NC was dissolved in ethyl acetate to form a 

homogeneous solution. Then the weighed nano-

thermite and HMX were dispersed into the solution in 

a ultrasonic bath for 60min. The slurry of the mixture 

was injected into microchamber by a vacuum filling 

system (see Fig2. a). The filled microchambers are 

showed in Fig2.b. 

 

 
a. Vacuum Filling System b. The filled 

microchamber 

Fig2. Micro-charge 

2.3Ignition Test 

The mixture was ignited by a focused laser, 

about 140mJ. The combustion processes in the 

microsacle chamber were recorded by a high-speed 

video at a rate of 20000fps (the interval of time 

between two images was 50µs). The combustion tests’ 

results reported in Table 2, show that the 1# mixture 

ensures a sustained combustion. The experiment showed 

that Al/ Bi2O3 sensitivity to unwanted initiation. The 

combustion processes of 1# (a), 2# (b) are showed in 

Fig3. 

 

a. Combustion of Al/CuO 95%+NC 5% (mass 

content) 

b. Combustion of Al/CuO 85%+HMX10%+NC 

5% (mass content) 

Fig3. Combustion processes of ignition charges 

with different Al/CuO mass content. 

 

 

 

 

Compone

nt 
Mass 

Content(%)  

No. 
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Table2. Ignition test results 

No. phenomenon 5# 
no 

combustion 

1# 
intensity 

combustion 
6# 

no 

combustion 

2# weak combustion 7# blast 

3# no combustion 8# 
no 

combustion 

4# weak combustion 9# 
no 

combustion 

Compare the results of laser ignition, we find that 

the compound based on Al/CuO or Al/Bi2O3 is easily 

ignited. So we studied the thermal behaviours of the 

Al/CuO and Al/Bi2O3 compound in the following 

chapter.  

2.4 Thermal analysis  

DSC is a fast and sensitive not specific method. 

Experiments were performed under inert atmosphere 

(argon). The DSC analysis was performed with the 

heating rate of 20℃/min in temperature 50-1000℃ 

range. DSC analysis curves are showed in Fig3. 

 
a DSC curve of the nano-Al/CuO series 

 b DSC curve of the nano-Al/Bi2O3 series 

Fig3. DSC curve of nano-Al/Bi2O3 
From the above results, we find that the 1#, 2#, 

6# compound are be appropriate for chosen as the 

ignition charge. But 6# compound has a high sensitive 

to unwanted detonation. 

Table3. The DSC 

No. Formula 
Sample 

mass/mg 

peak 

exothermic/℃ 

Heat 

release 

/J·g
-1
 

1# Al/CuO 1.24 579.1 643.8 

2# Al/CuO : 1.28 211.4 676.5 

HMX : 

NC=85:10:5 

3# 

Al/CuO : 

HMX : 

NC=45:50:5 

1.21 213.7 849.5 

6# Al/Bi2O3 1.29 568.1 361.8 

7# 

Al/Bi2O3 : 

HMX : 

NC=85:10:5 

1.27 211.7℃ 400.74 

8# 

Al/Bi2O3 : 

HMX : 

NC=45:50:5 

1.24 216.4℃ 696.38 

 

3. CONCLUSIONS 

In this paper, we have reported on experimentations of 

the nanothermite compound. The combustion 

processes were recorded by a high-speed video and 

the thermal analysis obtained by DSC-TG analysis. In 

this paper, only the 1# compound (95%Al/CuO + 

5%NC) and 2# compound (85%Al/CuO +10%HMX + 

5%NC) give the best ignition and combustion results.  
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ABSTRACT 

Rapid and effective ignition of pyrotechnic 

countermeasure decoy flares is vitally important to the 

safety of expensive military platforms such as aircraft. 

QinetiQ is conducting experimental and theoretical 

research into pyrotechnic countermeasure decoy 

flares. A key part of this work is the development of 

advanced ignition models to improve the 

understanding of the ignition processes occurring for 

these flares. Typically, these flares are wrapped in a 

material such as foil. Until this material bursts or 

ruptures, the flare can be considered to be effectively a 

closed system. Therefore it is possible to use gun 

internal ballistics models to investigate the ignition 

and combustion processes in these flares. An intensive 

modelling work programme, closely supported by 

experiments to provide data for and to validate the 

modelling, was undertaken for a baseline pyrotechnic 

flare. The modelling investigated the main heat 

transfer processes to determine the dominant energy 

transfer modes and ways by which the ignition delay 

of the flares could be decreased. This paper describes 

the computer modelling and experiments conducted to 

validate the predictions. 

1. INTRODUCTION 

Rapid and effective ignition of pyrotechnic 

countermeasure decoy flares is vital to the safety and 

survivability of expensive military platforms such as 

aircraft. The UK Ministry of Defence (MoD) has 

funded experimental and theoretical research into 

pyrotechnic countermeasure flares via the UKE 

programme funded by the Defence Science and 

Technology Laboratories (DSTL). Key aspects of this 

work were the development and application of 

advanced ignition models to improve the 

understanding of the ignition processes. Some 

pyrotechnic countermeasures see ignition delays, 

causing issues in service. Further to this the models 

were validated with a series of experiments. 

Pyrotechnic flares typically consist of a pyrotechnic 

material wrapped in a material such as foil. Until this 

material bursts or ruptures during ignition or burning, 

the flare can be considered to be a closed system. It is 

therefore possible to use gun internal ballistics models 

to investigate the combustion products of these flares. 

QIMIBS (QinetiQ Modular Internal Ballistics 

Software) has been implemented as an improved 

ignition model. QIMIBS contains models of the 

conductive, radiative, condensative and convective 

heat transfer processes from the ignite combustion 

products to the main composition of the flare. A 

modelling programme has been undertaken on a 

baseline pyrotechnic countermeasure flare. The 

modelling investigated the main heat transfer 

processes to determine the dominant energy transfer 

modes. Simulations were also undertaken to 

investigate ways in which the ignition delay could be 

decreased. 

A series of experiments were developed to simulate 

various aspects of the ignition process, and measure 

the thermal properties of the ignition materials in 

order to validate the modelling. Closed vessel testing 

and heat flux measurements were carried out to 

characterise the igniter and priming composition used 

in the pyrotechnic flare. The closed vessel testing 

provided combustion rate data for these materials. The 

heat flux measurements provided data on the heat flux 

and temperature induced during the combustion of 

these materials. 

In addition to this the commercially available 

computational fluid dynamic software ANSYS 

FLUENT was used to simulate the flare both in 2 

dimensions and 3 dimensions to further validate the 

model, however this is outside the scope of this paper.     

2. TITLE 

2.1 Countermeasure Flare Design 

A pyrotechnic countermeasure flare consists of an 

igniter, priming composition and main flare. The main 

flare can be cylindrical or cuboid. The work reported 

here focused on cuboid flares, and was based on the 

118 flare. The flare body will typically have grooves 

along opposing sides containing priming composition. 

The grooves have various geometries. An igniter is 

mounted at one end of the flare, with a mechanical 

shutter separating the igniter from the main body 

during storage. This shutter is automatically opened 

on firing and prior to ignition, allowing the igniter 

output to contact the priming composition. A typical 

118 countermeasure flare can be seen in Figure 1. 
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Figure 1: A typical 118 countermeasure flare. The 

external aluminium casing can be seen top, the 

main flare body wrapped in aluminium foil bottom 

and the igniter left. 

When the flare is ignited the igniter produces hot 

gaseous and condensed phase products. These 

combustion products ignite the priming composition. 

The combustion products from both the igniter and the 

priming composition ignite the main flare body. The 

work contained in this paper makes the assumption 

that the foil wrap retains its integrity and the flare 

remains as a sealed unit during ignition. This 

assumption enables QIMIBS to be used. 

2.2 Experimental Work 

A series of supporting experiments were conducted. 

These were as follows: 

• Closed vessel testing to investigate the 

combustion characteristics of the priming and 

ignition compositions. 

• Heat flux vessel measurements to investigate 

the heat transfer and thermal properties of the 

priming and ignition compositions. 

• Burn rate experiments conducted in inert 

flare bodies to investigate ignition times and 

flame propagation rates along the grooves in 

the flare bodies. 

2.2.1 Closed Vessel Testing 

Closed vessel firings were conducted in a stainless 

steel vessel with a volume of 10 cm
3
. Samples of loose 

composition with a mass of 0.5 g were placed in the 

base of the vessel and ignited using a Davey Bickford 

electric igniter. The vessel was sealed using a screw 

thread and rubber seal mechanism that was sufficient 

for the application. A Kistler 601 H pressure 

transducer was fitted in the lid of the vessel to record 

the pressure in the vessel. No pressure release was 

observed during the firings. 

Table 1 below lists the compositions investigated 

during this work. The compositions were fuel rich and 

produced very little gas i.e. the combustion products 

comprised predominantly condensed phases in liquid 

or particulate forms. Table 2 below details the closed 

vessel firings. 

 

Table 1: Ignition Compositions 

Ignition 

Composition 
Components 

1 Boron, bismuth trioxide, Viton A 

2 
Magnesium, acaroid resin, 

barium peroxide 

3 Silicon, lead dioxide 

4  Magnesium, PTFE, Viton A 

 

Table 2: Closed Vessel Firing results 

Firing 
Ignition 

composition 

Maximum 

pressure 

(MPa) 

Time to 

max 

pressure 

(ms) 

1 1 2.4 29 

2 1 2.5 27 

3 2 3.0 78 

4 2 3.0 64 

5 3 1.3 64 

6 3 1.3 32 

7 4 6.1 88 

8 4 6.0 64 

9 4 6.9 51 

 

2.2.2 Heat Flux Vessel Testing 

A heat flux vessel was designed to implement a Vatell 

HFM 6-D/H microsensor. This was chosen due to a 

response time of 300µs. The sensor has a maximum 

pressure rating of 1 MPa and can withstand a 

maximum temperature of 850ºC, however there were 

concerns as to whether the sensor could withstand 

shock loading and any metallic deposition resulting 

from the firing. The vessel was therefore designed to 

protect the sensor whilst allowing it to record usable 

data. 

The heat flux vessel was designed as a closed vessel 

and incorporated a burst disc mechanism. A closed 

vessel was used to contain the reaction products. In 

addition to this the thermal properties and volume of 

the vessel were known allowing the experimental 

setup to be modelled accurately. A Kistler 601 H 

pressure transducer was incorporated into the vessel to 

monitor pressure and allow time measurement of any 

burst disc release. 

Pyrotechnic pellets of the ignition compositions were 

pressed with a diameter of 10 mm and height of 

10mm. The pellets were perforated axially to allow the 

combustion products to reach the sensor window. 

Figure 2 below shows a cut out schematic of the heat 

flux vessel. The sensor window allows interaction 

between the pellet and the heat flux sensor. The vessel 

design allows a sensor window with a thickness in the 

range of 0-40 mm to be used. This design allows the 

material properties of the sensor window to be altered, 

changing properties such as thermal conductivity and 

transparency. In this series of experiments a high 

thermal conductivity copper was used which 
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maximised heat transfer to the sensor whilst also 

providing sufficient protection to the sensor. 

Figure 2: Cut out schematic of the heat flux vessel 

2.2.3. Burn Rate Measurement 

Burn rate testing was conducted using inert flare 

bodies with live priming composition. High speed 

video was used to record the burning of the priming 

composition and measure the velocity of the burn 

front under a variety of conditions. The high speed 

video also enabled observation of changes in the burn 

front velocity. An e type fusehead was used to ignite 

the priming composition and this was placed to mimic 

the output of the igniter in the flare. Firings were 

conducted using no foil wrap, a foil wrap and a rigid 

Perspex cover to simulate the effects of confinement 

seen in the flares, and to investigate the effect the 

confinement has on the burn rate of the priming 

compositions. 

The ignition delay was also measured using this 

experiment by taking the visible point of ignition of 

the fusehead and the visible point of ignition of the 

priming composition. The time resolution of the high 

speed video in this setup was 1.666ms.  

2.3 Modelling of the Flare Ignition Process 

2.3.1 QIMIBS Modelling and Validation 

QIMIBS modelling was conducted in order to increase 

the understanding of the processes involved in ignition 

and in order to identify ways in which the ignition 

delay could be decreased. The heat flux vessel testing 

was one method used to validate the QIMIBS model 

with pyrotechnic ignition materials.  

Firings were conducted in the heat flux vessel of 

ignition materials 1 and 2, and the resulting heat flux, 

temperature and pressure were recorded. These firings 

were simulated using QIMIBS and the results were 

compared to the results obtained experimentally. 

Figures 3-8 show comparisons of predicted and 

measured pressure, heat flux and temperature below. 

The measured data show variability however the 

predicted data fit within the range of the measured 

data and they are in good agreement. 

 
Figure 3: Comparison of predicted and measured 

pressure for ignition material 1 

 

  
Figure 4: Comparison of predicted and measured 

pressure for ignition material 2 
 

 
Figure 5: Comparison of predicted and measured 

heat flux for ignition material 1 
 

 
Figure 6: Comparison of predicted and measured 

heat flux for ignition material 2 
 

 
Figure 7: Comparison of predicted and measured 

temperature for ignition material 1 
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Figure 8: Comparison of predicted and measured 

temperature for ignition material 2 

 

The results from the burn rate experiments were used 

to validate the ignition delay predictions of QIMIBS. 

The results of this are seen in figure 9 below. The 

predicted ignition delays seen here are slightly shorter 

than those observed experimentally, however they are 

within experimental error. The trend of a longer 

ignition delay for material 2 has been predicted with 

QIMIBS. 

  
Figure 9: Predicted and measured ignition times 

for igniter materials 1 and 2 

3. CONCLUSIONS 

Modelling of pyrotechnic decoy flares has 

successfully been conducted using QIMIBS. A series 

of experiments have been designed to provide 

sufficient data to validate QIMIBS models. 

Temperature, heat flux, pressure and ignition data 

were obtained experimentally and QIMIBS 

predictions for the experimental setups were in 

agreement with these. 

Following validation of QIMIBS using the 

experiments covered here a flare system can be 

modelled and used to study heat transfer mechanisms, 

pressure profiles and ignition mechanisms. This can 

enhance our understanding of the ignition process and 

lead to improved countermeasure flare design. 
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ABSTRACT 

The Swedish Defence Research Agency (FOI) is 

currently developing a thermite lance for 

underwater mine clearance. There is a growing 

international demand for a device which is able to 

clear underwater mines situated close to populated 

areas or critical infrastructure without causing a 

detonation. A tool capable of this is a thermite 

lance. The thermite lance consists of blocks of 

thermite inside a casing. During the thermite 

reaction liquid iron and solid aluminum oxide are 

formed and cause a pressure build-up, which is 

used in the thermite lance to achieve a directed 

effect through a nozzle. The hot liquid products are 

ejected from the thermite lance allowing the 

explosive in the underwater mine to deflagrate. The 

complexity of underwater mine clearance sets high 

demands. The device should give rise to a 

minimum magnetic signature avoiding initiation of 

the target. The thermite lance should also be able to 

operate at a fixed position (stand-off) from the 

underwater mine. Environmental aspects are also 

important. Heavy metals or other chemicals, 

dangerous to aquatic life, must be avoided. As the 

thermite lance is deployed at a stand-off distance, 

the safety for the mine clearance diver is improved. 

The presentation will cover the progress of the 

project with focus on testing and evaluation of the 

thermite lance. 

1. INTRODUCTION 

There is a growing international demand for a 

device which is able to clear underwater mines 

situated close to populated areas or critical 

infrastructure without causing a detonation. A so-

called thermite lance has the potential to be such a 

tool. This device would be a complement to 

existing conventional mine clearing methods. Only 

in the Baltic Sea, approximately 50 000 underwater 

mines remain of the estimated 175 000 that were 

deployed during the First and Second World War 

(Möller 2013). 

A thermite lance consists of thermite charges which 

are placed in a casing. During the thermite reaction 

liquid metal and solid metal oxide are formed and 

ejected through a nozzle. The reaction causes a 

pressure build-up, which is used in the thermite 

lance to achieve a directed effect. The explosive 

inside the underwater mine is then combusted or 

pyrolyzed as a result of the high temperatures 

generated by the thermite. Safety for the mine 

clearance diver would also be improved using a 

thermite lance, since the thermite lance is mounted 

at a standoff distance from the mine, which means 

that the diver never has to get in direct contact with 

the target. 

Thermite is a pyrotechnic composition consisting of 

a metal oxide and a metal powder fuel. The 

thermite reaction was invented in 1893 and patented 

by Goldschmidt (1895). As the thermite is ignited, 

an oxidation-reduction process starts which 

generates a substantial amount of heat, Eq. [1]. 

 

Fe2O3 (s) + 2 Al (s) � 2 Fe (l) + Al2O3        [1] 

  

Thermite has had several different applications 

throughout history, both civilian and military. The 

most widely known uses are thermic welding, 

disabling of artillery and as the main ingredient in 

incendiary bombs. 

Previous work at FOI using a thermite lance for 

destroying unexploded ammunition and land based 

mines has shown promising results (Hahma et al 

2003). The method has also been successful when 

the thermite lance has been partly submerged in 

water. A modern underwater explosive in a steel 

casing was completely deflagrated. The metal 

casing had a thickness of 2 mm and the distance 

between the thermite lance and the object was 100 

mm (Menning 2010). 

The task of the current project at FOI is to develop 

a thermite lance which can destroy underwater 

mines without causing the explosive to detonate. In 

order to have the device operational in mine 

clearance missions there are a number of demands 

that has to be fulfilled. Such a tool should be non-

magnetic, be able to operate from a certain standoff 

distance, have a safe ignition system, be 
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environmentally friendly to aquatic life and be able 

to work at depths down to 80 meters. 

 

2. EXPERIMENTAL 

2.1 Thermite charge 

The thermite composition consists of 75 wt.-% iron 

oxide (Fe2O3), 24 wt.-% atomized aluminium 

powder and 1 wt.-% energetic binder. Two different 

types of atomized aluminium have been used, A60 

(150µm) and A100 (40µm), purchased from 

Carlfors Bruk. These dry ingredients were 

homogenized manually. A 50/50 wt.-% mixture of 

acetone and ethanol was added to the dry 

ingredients. The wet mixture was then granulated 

through a 3 mm sieve. The granules were pressed 

into a cylinder using a uniaxial press with a 5 ton 

pressure applied. The cylinders had a diameter of 

100 mm and a height of 90mm. Centred in the 

pressing tool was a 20 mm rod resulting in a hole in 

the cylinder with the same dimension. Fig. 1 shows 

a pressed thermite cylinder. After pressing, the 

cylinders were dried in room temperature. No 

change in weight was observed after 72 hours, 

indicating total evaporation of the solvents. The 

centred hole in the cylinder was rugged, making the 

surface larger in order to improve ignition 

properties. 

 

The final thermite charge in a lance consists of 

three cylinders glued together. With each cylinder 

weighing 1.4 kg, the total weight of the thermite 

lance charge is 4.2 kg. 

2.2 Assembly 

The pressed cylinders were inserted and glued to a 

phenolic sheet (Bakelite) casing. The nozzle end 

and the back end were also glued to the casing. 

These parts were made of phenolic sheet as well. 

Fig. 2 describes how the different parts are 

arranged. The diameter of the thermite lance was 

124 mm and the total length was 365 mm. 

 

 

     Fig. 2. Half-section side view of the thermite lance (without igniter). 

2.3 Igniter 

The igniter is a deflagrating pyrotechnic device. It 

consists of several parts. The Nonel-tubing was 

connected to a delay element which was mounted 

inside the igniter lead-through. At the connection 

point a small volume of a heat-sensitive 

pyrotechnic mixture was applied. The deflagrating 

charge which ignites the thermite charge was placed 

at the other end of the delay element. It consisted of 

magnesium, strips of ammonium perchlorate 

propellant and thermite powder of the same 

composition as the pressed thermite charge. The 

whole igniter package together with Nonel-tubing 

and lead-through was kept separate from the 

thermite lance until testing. It was then inserted into 

the cylindrical hole in the thermite charge. 

2.4 Experimental setup 

A vessel with the volume 2 m
3
 was manufactured 

for the underwater tests. Testing was performed at a 

water depth of 0.5 m. A test rig which could be 

used both on land and under water was 

manufactured. The test rig presented in Fig. 3 was a 

2 m long stainless steel sheet with a moveable 

cradle on which the thermite lance could be 

attached. A force transducer with the maximum 

load of 100 kg was attached at the back end of the 

thermite lance. 

 

Fig. 3. Test rig with a thermite lance attached. 

The target plates in all the tests were 2 mm thick 

300x300 mm SS-1311 (S235JR) steel sheets 

representing a casing of an underwater mine. They 

were mounted at 50 mm and 150 mm standoff 

distance (distance between the thermite lance 

nozzle and the target plate). The thermite lance was 

mounted horizontally and the plates vertically. 

Ignition was performed with a Nonel system and 

the tests were monitored and recorded with a video 

camera. 

  

Fig. 1 Thermite cylinder in pressing tool. 



  Liljedahl, Oscarson  

3. RESULTS AND DISCUSSION 

The new method for manufacturing thermite 

charges was a combination of casting and pressing 

with relatively low pressures.  

Six thermite lances were manufactured for the first 

test round, three with aluminium A60 and three 

with aluminium A100. The nozzle was 10 mm in 

diameter. The two first thermite lances were tested 

on land. The ignition was successful and the 

reaction lasted 45 s (A60) and 30 s (A100). The 

thermite lance with A100 had a longer and more 

intense flame than the one with A60.  Fig. 4 shows 

testing of an A100 thermite lance.  

 

Fig. 4. Testing of a thermite lance on land. 

No unreacted thermite was found inside the casing 

after testing. Hardly any damage to the nozzle plate, 

casing or back plate could be observed. Four 

thermite lances were tested under water. The two 

thermite lances with A60 did not penetrate any of 

the plates. A large amount of solid slag was found 

between the nozzle and the plate. Two underwater 

tests with A100 were then performed. Both tests 
showed penetration of the plate positioned at 50 

mm standoff distance. Fig. 5 shows the resulting 

hole, which had a diameter of approximately 30 

mm. The plates at 150 mm were untouched.  

 

Fig. 5. Steel plate after testing. The slag has been removed. 

Three thermite lances were made for the second test 

round, all with aluminium A100. In an attempt to 

focus and increase the length of the ejected metal 

stream, the nozzle diameter was decreased from 10 

mm to 7 mm. The first two tests were successful. 

The plate at 50 mm was penetrated similar to 

previous tests. But contrary to previous tests, burn 

marks could be observed on the plate at 150 mm. 

The third test failed due to insufficient pressure 

release, resulting in a cracked casing. A force 

transducer recorded the load from the burning 

thermite lance along its length-axis. The load was 

very high at ignition, but decreased rapidly. During 

the burning phase the recorded load was 0-30 kg. A 

summary of the tests can be viewed in Table 1.

 

Table 1. Summary of test rounds. 

Test number 

(round 1) 
Land 

Water 0.5 m 

deep 
Al-type 

Nozzle size 

(mm) 

Penetration 

50 mm 

Penetration 

150 mm 

1 x  
A60 10 - - 

2 x  
A100 10 - - 

3  x 
A60 10 No No 

4  x A60 10 No No 

5  x A100 10 Yes No 

6  x A100 10 Yes No 

Test number 

(round 2) 
      

1  x A100 7 Yes Burn mark 

2  x A100 7 Yes Burn mark 

3  x A100 7 Failed test Failed test 
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When preparing the charges we tried using low 

pressure when pressing the thermite cylinders as a 

strategy for inducing less stress in the charges, 

making them stronger and less prone to crack 

during handling, transportation and storage. As 

charges with aluminium A60 were unable to 

penetrate the first plate, it was decided to proceed 

with aluminium A100 in the second test round. A 

decrease in nozzle diameter from 10 mm to 7 mm 

resulted in burn marks on the second plate. This 

could imply a more focused liquid metal stream. It 

is very important that the thermite lance is balanced 

properly when operating. A force transducer was 

used in order to measure the load and vibrations 

during operation. The very high initial load 

measured might be decreased by using some kind 

of pressure relief system, as for example a designed 

rupture disc. This would also prevent the casing 

from cracking due to high pressure build-ups at 

ignition. Also, different rupture discs could be 

designed for different water depths. Decreasing the 

high loads during the burning phase demands 

another strategy. Having an additional nozzle at the 

back plate, neutralizing the load would be one 

solution. But this would be difficult to design, since 

the igniter is positioned in the centre of the back 

plate. And, of course, this would result in a thermite 

lance with less efficiency. Instead, fixing the 

position of the thermite lance would be a better 

option. This could be done with weights, for 

example sand bags, or by attaching it to the sea 

bottom. The developed Nonel-igniter proved to 

function well. The risk of accidental ignition of the 

thermite lance is low during storage and 

transportation, since the igniter is separated from 

the charge until deployment. The next stage of the 

project is to perform tests with underwater 

explosives attached behind the target metal plates. 

At the end of the project, the thermite lance will be 

demonstrated for the Swedish Armed Forces. 

4. CONCLUSIONS AND FUTURE WORK 

A new method for manufacturing thermite charges 

was developed. Several thermite lances were 

manufactured and tested on land and under water. 

No unreacted thermite was found inside the casing 

after testing. Neither the casing, nozzle plate nor the 

back plate of the thermite lances were damaged 

during testing. The underwater tests resulted in a 

penetration of a 2 mm steel plate from a 50 mm 

standoff distance. The ability to penetrate the object 

was higher using aluminium A100 than aluminium 

A60. Ignition with the developed Nonel-igniter was 

successful in all tests. One of the thermite lances 

failed to function due to insufficient pressure 

release, resulting in a cracked casing. 

Future work includes testing against underwater 

explosives and using a pressure release system, for 

example a rupture disc, to ensure proper ignition. 

The relatively high load recorded by the force 

transducer during burning indicates a need for a 

method to fix the position of the thermite lance. A 

demonstration will be carried out for the Swedish 

Armed Forces in the final stage of the project. 
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Introduction: 

 A pyrotechnic delay is a device that consists of a 
casing containing an initiating charge, booster, a 

delay column and output charge which burns in a 

cigarette fashion to provide a controlled delay time 

(1). Though mechanical, electronic and fluidic 

timing devices are very accurate, pyro delays are 

still preferred in many conventional and advanced 

designs of armaments, missiles, space shuttles, 

mining, etc. because of their simplicity, high degree 

of inherent safety, ruggedness, reliability and 

ability to lead from burning to deflagration.   

A wide range of factors influence the 

burning rate of pyrotechnic compositions, including 

those intrinsic to the composition themselves and 

other factors introduced by the device into which 

they are fitted or the operational combustion 

environment. The delay composition is constituted 

from a fuel and oxidizer in solid state. The reaction 

commences as a self-propagating combustion wave 

that proceeds through an active element with 

constant velocity. Studies are underway for the 

development of slow burning delay compositions 

with reliable burning behaviour. In small calibre 

ammunitions, there is a space constraint. To 

accommodate the delay composition in limited 

space, slow burning compositions are required. A 

slow burning composition is required to release 

large amount of heat in very slow rate to sustain the 

burning pattern. The thermal conductivity of the 

delay tube material also plays an important role in 

reaction propagation. Unfortunately the slow 

burning pyrotechnic mixtures used in long-time 

delays show variable burn performance in rigid 

tubes. Specially, at sub-zero temperatures, the 

delay failure is very common. Till date, very few 

compositions are reported, where delay time is 

independent of temperature variation. In this study, 

an attempt has been made in this direction to 

investigate Mn/MnO2/KClO4 based delay system 

and to develop a slow burning delay composition 

operational in wide range of temperature.  

Manganese is widely used as a fuel in 

pyro delay systems owing to its reliable burning 

behaviour. In compact delay columns, upon 

ignition, it produces molten slag, which in turn 

obturates the hot gases to escape from the system 

and helps in propagation of the reaction. 

Manganese based slow burning pyrotechnic delay 

composition has been studied in compacted rolled 

lead tube as well as press filled in brass, aluminium 

and stainless steel tubes. Manganese itself exist in 

several modifications: α-Mn up to 707 °C, β-Mn up 

to 1087 °C, γ-Mn up to 1138 °C, and δ-Mn up to 

the melting temperature of 1246 °C. The stable 

equilibrium oxide phases are manganosite (Mn1-

xO), hausmannite (α-Mn3O4 transforming to β-

Mn3O4 above 1177 °C), bixbyite (α-Mn2O3 

transforming to β- Mn2O3 above ∼27 °C) and 

pyrolusite (MnO2).So, it is very difficult to 

ascertain the reaction products during the ignition 

of delay column. The present study considered the 

reaction between manganese metal with the 

thermodynamically least stable manganese (IV) 

oxide. Owing to common metal in both the fuel and 

oxidizer, it is difficult to start the combustion. 

Pyrotechnic materials that generate heat with metal 

oxide in presence of an additional oxidizer like 

KClO4 are called thermates (3 where, Mn acts as 

thermate in this reaction. The reaction sequence has 



been investigated by powder X ray Diffraction 

(XRD). 

The objective of this study was to identify and 

develop a slow burning delay composition with 

reliable burning behaviour in lead tube as well as 

rigid tubes in all the temperature regions. 

Experimental: 

Materials: 

Manganese powder was obtained from M/s. 

Chemopol Industries, India. The average particle 

size is 4.5µm, purity 99% and the BET surface area 

is 0.6m
2
/g. 

Manganese dioxide was procured from Merck, 

India. It has average particle size of 1.8 µm with 

98.9% purity. 

Potassium perchlorate was obtained from M/s 

Wimco, India. It was sieved through 300 BSS sieve 

and dried in an air oven at 70
0
C for 1 hour before 

use. 

Nitrocellulose lacquer was used as binder. The 

mixing was carried out by sieving the ingredients 

together through an appropriate sieve behind a 

safety screen. 

 

Characterization: 

Particle size was determined using a Fischer 

Subsieve Sizer instrument. BET surface area was 

measured on a Micromeritics Flowsorb II 2300 

instrument. The purity of reagents was determined 

using conventional method.  

The combustion products of Mn/MnO2/KClO4 

system were obtained by burning samples in a 

ceramic boat with a lid. These compositions were 

ignited using a proprietary starter composition. The 

slags obtained from the tubes following the 

combustion were ground into a powder. XRD 

analysis was performed on a PANalytical X’Pert 

Pro powder diffractometer with X’Celerator 

detector and variable divergence- and receiving 

slits with Mn filtered Cu-Kα radiation operated at 

25 kV and 35 mA. The phases were identified 

using X’Pert Highscore plus software. Reaction 

exothermicities were determined in air using Parr 

adiabatic automatic bomb calorimeter Model 1240.  

The burning rate of mixtures was measured by 

burning the compositions, pressed in a lead tube 

with Bunsen burner and the time was recorded 

using an electronic timer. 

The impact sensitivity was determined using Fall 

Hammer apparatus with 2 kg drop weight by take 

sample weight of 20 mg. Bruceton Staircase 

method was employed to determine the friction 

sensitivity by taking a sample size of 10mg and 

maximum load up to 36 kg. 

Methods: 

Preparation of Compositions: 

For preparing the mixtures, accurately weighed 

quantities of Mn, MnO2 and Potassium perchlorate 

were intimately mixed by sieving through 25 BSS 

sieve using a soft brush for 6 times. The purpose of 

the sieve-brush-mixing operation was to break up  

Particle agglomerates and to facilitate intimate 

mixing of the formulation components. The 

mixture was granulated with 1 part of nitrocellulose 

varnish added over the 100 parts of the mixture. 

The composition was air dried for 6 hrs and kept in 

air oven for 6 hrs at 60⁰C. 

Preparation of Delay Elements: 

Lead Delay Elements: 

 

Lead tubes were prepared by drawing them through 

lead tube rolling machine used for the manufacture 

of delay elements. The granulated composition (~ 

5-6 g) was filled into a 230 mm long lead tube with 

an outer diameter of 8 mm and an average inner 

diameter of 4 mm. The composition in the tube was 

compressed and consolidated by a mechanical 

drawing operation. During each drawing operation, 

the sealed tube was passed through a hole with a 

smaller diameter. The drawing direction was 

reversed after each pass to ensure even compaction. 

The outer and inner diameters were reduced in 

seven successive steps down to 4 mm and 2 mm, 

respectively, and the length of the drawn tube 

comes around 560-580 mm. In this way, good 

compaction of the granulated delay composition 

was ensured. The volume fraction of solids can be 

calculated from the known densities of the mixture 

components and the internal diameter the rolled 

tube. The rolled lead tube was then cut into two 

pieces of standard length of 200 mm each, rejecting 

both the ends. The tubes were ignited at one end 

with Bunsen burner and the delay times (burning 

time) was recorded by electronic stop watch from 

the instant of ignition to the final spit. 

Inverse Burning Rate = Time in Seconds   s/cm
    20 

Aluminium, Stainless Steel & Brass Delay 

Elements: 

Aluminium, Brass, &Stainless steel delay 

elements having 18 mm length & 5 mm column 

diameter were assembled in the mould & filled in 

three increments. The composition was pressed 

with a dead load of 410kg and dwell time of 10s. 

Arbour press (hand operated) was used for pressing 

the composition. Fig 1 shows the filling schedule of 

the delay composition in different delay elements. 

The filled delay elements were coated with NC and 

dried for 24 hrs at room temperature. These filled 

tubes were tested after assembling in a test rig and 

ignited with a 3 inch long primed cambric cloth. 



              

    

Fig 1: Filling Schedule of Mn/MnO2/KClO4 Composition 

Hot and Cold Conditioning:  

Filled delay elements were loaded in an 

electric oven (indirect heating) set at 60° C for 6 

hours for hot conditioning while in case of cold 

conditioning, assembled delay units were sealed in 

polythene bag (to avoid the deposition of 

condensed matters on the exposed surfaces of 

compositions) and then loaded in cold chamber set 

at – 30° C for 6 hours. 

Results & Discussion: 

Effect of Ingredients: 

The composition was found to be insensitive to 

impact, friction and electric spark, so safe to 

handle. The reaction exothermicity was found to be 

278cal/g.  Fig 2 shows the effect of % of KClO4 on 

the Inverse Burn rate. The burn behaviour changes 

with change in % of KClO4.With increase in KClO4 

up to 10%, the composition burns smoothly, while 

further addition of it is found to produce opposite 

effect. Excess KClO4 leads to gas formation and 

excess KCl. This volatile KCl may diffuse into 

unreacted reaction zone and may condense on the 

metal surface, thereby giving a protective coating 

on the metal and thus retarding the reaction rate. 
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Fig 2: Effect of KClO4 on IBR 

The reliable burning of Mn/MnO2/KClO4 system is 

a surprise finding as the fuel and primary oxidizer 

share common metal. Mn when reacts with MnO2, 

they can’t start the combustion reaction. KClO4 is 

necessary to kick start the reaction.  

Fig 3 shows the Ellingham Diagram (4) for various 

manganese oxides. This diagram is a useful tool to 

study the pyrotechnic reactions. It predicts the 

thermodynamic stability of any compound. It plots 



the Gibbs free energy of an oxidation reaction with 

temperature. The lowest lying line indicates the 

reaction with greatest change in Gibbs free energy, 

ie; the oxide with most thermodynamic stability 

(5). It shows that the stability of various manganese 

oxides decreases in the following order: 

MnO> Mn3O4> Mn2O3>MnO2 

 

Fig 3: Ellingham Diagram for Manganese Oxides 

This sequence matches with the increase in 

oxidation state of Mn metal in the respective 

compounds. So, the reaction of Mn with oxidizer, 

which gives thermodynamically most stable 

product, i.e; MnO, is the most favoured reaction. 

The % of Mn in the delay composition thus also 

plays important role in the burn rate. Table 1 shows 

the characteristics of various reaction possibilities 

and their respective Inverse Burning Rates. 

 

Table 1:- Relation Between Ingredients Stoichiometry vs IBR 

Sl 

No 

Reaction Ingredients IBR (s/cm) 

Mn  

(wt %) 

MnO2 

(wt %) 

KClO4 

pts 

1 Mn+MnO2+KClO4=2MnO+KCl+2O2 50 50 0.5 2.6 

2 Mn+2MnO2+KClO4=Mn3O4+KCl+2O2 30 70 0.5 Sputtering 

3 Mn+3MnO2+KClO4=2Mn2O3+KCl+2O2 20 80 0.5 Did not Burn 

 
The composition was burnt in a ceramic boat with a 

lid and the slag was collected. This slag was 



subjected to powder XRD. The XRD pattern shows 

the formation of MnO as the main ignition product 

after combustion. 

 
 

Fig 4: Powder XRD of Mn/MnO2/KClO4 System 

 

Fig 4 shows the XRD patterns for the combustion 

slag of Mn/MnO2/KClO4 system. The high 

intensity peaks were found at 34.94
0
, 40.58

0
 and 

58.73
0
, which correspond to the characteristic 

peaks for MnO (Manganosite). Zaki et al had 

studied the decomposition course of MnO2 (6), 

which match with the finding. The characteristic 

bottle green colour of the slag also indicates the 

formation of MnO. Since the metal fuel is in 

stoichiometric excess, so elemental Mn is also 

present in trace quantity in the slag, which is 

evident from the XRD scan. Unit cell parameter 

was calculated by CELSIZ software, which 

matches with MnO.  

 

Effect of Delay Element material: 

 

The Mn/MnO2/KClO4 (50/50/0.5pts) composition 

was filled in Aluminium, Stainless steel and Brass 

delay elements and tested for performance. Table 2 

shows the effect of different materials used for 

delay elements in delay performance.5 nos of each 

types were tested for performance. 

 

 

 

 

 

 

 

 

 

Table 2:- Delay Time in Different Delay 

Elements 

 

Sl. 

No. 

Delay Time (s) 

Al Delay 

Element 

SS Delay 

Element 

Brass 

Delay 

Element 

1 2.45 2.64 2.60 

2 2.39 2.63 2.61 

3 2.34 2.68 2.58 

4 2.34 2.63 2.63 

5 2.40 2.69 2.56 

 

Al has the highest conductivity among all 

three materials, so it propagates heat from the 

reaction front by conduction to the next layer and 

the burn rate increases. Steel has the lowest 

conductivity among them and the composition 

burns slowly in steel delay element, but in few 

filled components, cracks were found after storage. 

The delay performance in brass delay elements 

came within a narrow spread 

Effect of Temperature: 

The filled delay elements were tested after keeping 

them at hot, cold and ambient temperatures. All of 

them showed very little variation in delay time with 

respect to temperature. Table 3 shows the effect of 

temperature conditioning on delay performance. 

The delay spread was found to be 2.31% (in Brass), 

4.16% (in Aluminium) and 2.66% (in Stainless 

Steel) in the temperature range of -30
0
C to 

+55
0
C.This composition was found to be very less 

dependent of temperature. This may be due to the 

thermal stability of MnO, which is the main 

product formed after ignition of the delay element 

and due to the presence of similar particles in the 

reaction moiety. 

 

 

 

 

 

 



 

Table 3:- Temperature Conditioning Trial in Different Delay Elements 

Sl No. Delay Element Ambient Hot Cold 

+45ºC +55ºC -20ºC -30ºC 

1 Brass 2.60 2.61 2.59 2.62 2.55 

2 2.61 2.59 2.59 2.61 2.54 

3 2.58 2.53 2.59 2.64 2.52 

4 2.63 2.60 2.61 2.59 2.59 

5 2.56 2.62 2.63 2.61 2.60 

Considering Overall range of -30ºC to +55ºC, the Delay time values are as, 

Min. Max Av Spread % Spread 

2.52 2.64 2.59 + 0.05, -0.07 2.31 

1 Aluminium 2.45 2.41 2.40 2.46 2.48 

2 2.39 2.34 2.32 2.47 2.49 

3 2.34 2.32 2.33 2.48 2.47 

4 2.34 2.33 2.31 2.43 2.42 

5 2.40 2.37 2.30 2.46 2.47 

Considering Overall range of -30ºC to +55ºC, the Delay time values are as, 

Min. Max Av Spread % Spread 

2.30 2.49 2.40 + 0.09,- 0.10 4.16 

1 Stainless Steel 2.64 2.61 2.64 2.61 2.68 

2 2.63 2.64 2.55 2.64 2.67 

3 2.68 2.62 2.67 2.52 2.65 

4 2.63 2.63 2.62 2.53 2.73 

5 2.69 2.67 2.59 2.67 2.64 

Considering Overall range of -30ºC to +55ºC, the Delay time values are as, 

Min. Max Av Spread % Spread 

2.59 2.73 2.63 +0.10, -0.04 2.66 

 

 

Conclusion: 

Manganese has been evolved as the fuel of 

choice in pyro delay systems owing to its reliable 

burning behaviour. The present study considered 

the reaction between manganese metal with the 

thermodynamically least stable manganese (IV) 

oxide. It was found that KClO4 is essential to start 

the reaction and upto 10% of it increases the burn 



rate, while excess of it gives opposite effect. It has 

been observed that Mn in excess of stoichiometry 

increases the burn rate and after certain % the 

burning behaviour becomes erratic. The 

composition with around 50% of Manganese 

essentially transforms completely into MnO, the 

most stable oxide of Mn. Mn/MnO2/KClO4 

(50/50/0.5pts) was chosen for further experiments. 

The reaction sequence has been investigated by 

powder X ray Diffraction (XRD).XRD of the slag 

also revealed the formation of MnO as the primary 

ignition product after combustion. The composition 

is insensitive to impact, friction and electric spark, 

thus meets the safety criteria. The inverse burn rate 

(IBR) of the composition was found to be 2.6s/cm. 

Performance evaluation of the filled 

delays in brass, aluminium & stainless steel tubes 

at hot, cold & ambient temperature conditions has 

been completed. All the three types of filled delay 

elements showed very little variation in delay time 

with respect to temperature. The delay spread was 

found to be 2.31% in brass, 4.16% in Aluminium & 

2.66% in Stainless Steel in the temperature range of 

-30
0
C to +55

0
C. The investigation reveals that the 

composition is very promising for development of 

pyrotechnic delays required to be operated under 

wide range of temperature.  
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ABSTRACT 

Classical MTV (Magnesium/Teflon/Viton) decoy 
flares protect an aircraft from missiles guided to its 
hottest part or 1.7-3 µm band. It is known that MTV 
composition also radiates 3-5 µm and 8-10 µm 
wavelength intervals. In this study, we investigate the 
maximum spectral radiant intensity (W/sr µm) and 
spectral efficiency (specific radiant intensity-J/g sr) 
values of MTV compositions for three bands. Then, 
the effects of graphite, boron powder and carbon nano 
tube contents on the maximum spectral radiant 
intensity and spectral efficiency values are 
determined. The highest spectral radiant intensity and 
spectral efficiency values are obtained from 2% of 
graphite-containing MTV compositions. Also 4% of 
graphite containing composition has higher intensity 
values than the intensity values of MTV. Boron-
containing compositions have higher intensity values 
than MTV especially in γ band. The intensity values 
of 2% of boron containing composition are higher 
than other boron containing compositions like MTV-
Graphite system. In addition, 2% of boron containing 
MTV composition has the highest intensity value 
among all compositions for γ band. MTV-2% of 
boron-graphite system has the highest efficiency 
values among all types of compositions. 

1. INTRODUCTION  

MTV flare is a pyrotechnic composition consisting of 
Mg, Teflon and Viton with high burning temperature 
equal to (or higher than) aircraft engine exhaust. The 
hottest part of a military aircraft is the hot tail pipe 
which radiates at 1.7-3 µm wavelength interval 
whereas the middle one is the plume which radiates at 
3-5 µm wavelength interval. The skin of an aircraft is 
the coldest part radiating at 8-10 µm wavelength 
interval. It aims to provide a very bright source of IR 
energy, typically burning at a temperature in the 
region of 1500–1800 K (Koch 2001 and Titterion 

2006). Classical MTV can radiate strongly in the same 
band of the spectrum to imitate the tail pipes radiation. 
Then the seeker of missile guides to the flare instead 
of target. However, decoy flares protect an aircraft 
from missiles guided to its hottest part (Koch 2001). 

Teflon (polytetrafluoroethylene, (C2F4)n) and Viton 
(vinylidenfluoride-hexafluoroisopropene-copolymer, 
(CH2CF2)n(CF(CF3)CF2)n) are used as oxidizer and 
binder in MTV composition, respectively. Intensity of 
MTV flare should be greater than the intensity of the 
aircraft that results from the thermal emission of the 
aircraft. Therefore, the seeker will follow (or track) the 
flare, rather than the aircraft with a high probability 
(Koch 2000 and Koch 2002). 

The aim of this study is to investigate the effects of 
additives on radiometric properties for MTV 
composition. In this study, graphite, boron and carbon 
nano tube powders are used as additives for MTV 
composition to improve the radiometric performance 
of classical MTV. And, their radiometric 
performances such as Spectral Radiant Intensity 
(W/str µm ) and Specific Intensity (J/str g)  are 
investigated between each of the wavelength intervals 
of 1.7-3 (α) µm, 3-5 (β) µm and 8-10 (γ) µm. 

2. EXPERIMENTAL 

2.1 Materials  

The Teflon® used in this study has the trade name of 
“Teflon® 807-N”, and it was purchased from Dupont. 
In addition, we use Viton® FF-10 fluoroelastomer 
which is the most specified fluoroelastomer, and it 
was purchased from Dynon. The physical form of 
Viton® is free flowing pellets approximately Ø6 mm 
particulates. The fuels in the production of flare pellet 
are Magnesium Powder, type III (0.90 g/cm3) and type 
II (0.62 g/cm3) with different particle sizes and shapes. 
Also graphite (d=2.09-2.25 g/cm3), boron (d=2.25 
g/cm3, amorphous powder, Tm=2200 °C) and carbon 
nanotube (KNT-MP diameter=9.5 nm, l=1.5 µm BET 
surface area=250-300 m2/g) are used as additives. 
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Radiometry performances of all compositions are 
determined by Spectroradiometer (SR-
5000/SR5000W) from CI Systems. It is an instrument 
designed to investigate radiation-emitting objects, 
covering the whole spectral range from UV to IR. All 
calculations are done at 1.7-3 µm (α), 3-5 µm (β) and 
8-10 µm (γ) wavelength intervals. 

2.2 Experimental Procedure 

The flare composition is prepared by a mixer 
operating 180 rounds per minute. First of all, Viton is 
dissolved in acetone. After mixing 5 minutes 
Viton&acetone solution, Teflon is added in the 
solution. Teflon powder should be homogenized 
before addition of Mg in the mixture. In order to 
remove the acetone from the solution, n-hexane is 
used. After addition of n-hexane the MTV slurry is 
precipitated. Then, the n-hexane&acetone mixture is 
removed.  

MTV slurry should be dried in order to remove all of 
the n-hexane&acetone mixture. The composition is 
dried in an oven during 2 hours at 80-85 °C. 

2% of MTV-X mixture is prepared after preparation of 
MTV mixture. Small amount of acetone is added in 
the MTV mixture in the mixer and then 2% of the 
additive is put in to the slurry. The slurry is stirred at 
room temperature until a crumbling mass is obtained. 
After removing the solvent, the composition is passed 
through 2.5 mm sieve. Then the mixture is dried in 
order to remove all acetone for two hours at 80-85 °C. 
The aim of this drying is both removing the acetone in 
the mixture and softening the polymeric contents of 
the mixture. Softening is the important point since it 
prepares the mixture for the pressing process. A 
hydrolic press with 5 ton capacity is used in order to 
get flare pellets, 50 grams of hot composition is put in 
a mold, and then pressed by applying 80 bars on the 
mixture for 6 seconds.  

3. RESULTS AND DISCUSSION 

3.1 Compositions Containing Graphite  

First of all in order to see the effect of graphite powder 
content in MTV, the compositions including 2, 4, 6, 8 
and 10 % of graphite powder are prepared and the 
radiometric properties are measured. Table 3.1 
displays the values of radiant intensities of graphite 
powder containing MTV compositions with different 
percentages for three wavelength intervals. Figures 
3.1, 3.2 and 3.3 show the spectral radiant intensities of 
MTV compositions containing graphite powder in α, β 
and γ bands, respectively. The maximum value 
belongs to the composition containing 2% of graphite 
powder for all bands. The composition containing 4% 
of graphite has also high intensity value with respect 
to classical MTV composition for all bands. However, 
raising the content of graphite leads to decline the 

values of spectral radiant intensities. It can be said that 
excess graphite powder may absorb the radiant 
energies of MTV which is highly energetic 
compositions. In other words, the reaction energy 
increases by addition of 2 and 4% of graphite powder. 
But, more graphite causes decreasing of the reaction 
energies. It really affects the energies of MTV 
composition. 

Table 3.1 Spectral radiant intensity values of 

composition containing 2, 4, 6, 8 and 10% of 

graphite powder for three wavelengths 

Composition 
Spectral Radiant Intensities 

(W/sr µm) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 12958 7750 484 

MTV+2% GP 46506 16788 630 

MTV+4% GP 29624 13313 508 

MTV+6% GP 12208 5957 391 

MTV+8% GP 7720 3915 284 

MTV+10% GP 11857 5015 373 

 

 

Figure 3.1 Spectral radiant intensities of 

compositions containing 2, 4, 6, 8 and 

10% of graphite powder in α band 

 

Figure 3.2 Spectral radiant intensities of 

compositions containing 2, 4, 6, 8 and 

10% of graphite powder in β band 
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Figure 3.3 Spectral radiant intensities of 

compositions containing 2, 4, 6, 8 and 

10% of graphite powder in γ band 

Table 3.2 shows the values of spectral efficiencies or 
specific intensities of compositions containing 
graphite powder, whereas figures 3.4, 3.5 and 3.6 
depict the spectral efficiencies of compositions 
containing 2, 4, 6, 8 and 10% of graphite powder for 
α, β and γ bands, respectively. 

The highest increase in specific intensity is obtained 
by the composition containing 2% of graphite powder 
since C particles behave as a blackbody. However, 
increasing the percentage of C particulates decreases 
the intensity. The reason is that excess C particulates 
may lower the energy of MTV by absorbing excess 
energy. 

Table 3.2 Spectral efficiency values of composition 

containing 2, 4, 6, 8 and 10% of graphite 

powder for three wavelengths 

Composition Spectral Efficiencies (Eλ-J/str g) 

 
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 229 78 1.90 

MTV+2% GP 297 101 2.72 

MTV+4% GP 184 59 0.39 

MTV+6% GP 176 62 0.45 

MTV+8% GP 172 59 0.24 

MTV+10% 

GP 213 73 0.78 

 

 

Figure 3.4 Spectral efficiencies (Eλ) of compositions 

containing 2, 4, 6, 8 and 10% of graphite 

powder in α band 

Figure 3.5 Spectral efficiencies (Eλ) of compositions 

containing 2, 4, 6, 8 and 10% of graphite 

powder in β band 

Figure 3.6 Spectral efficiencies (Eλ) of compositions 

containing 2, 4, 6, 8 and 10% of graphite 

powder in γ band 
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3.2 Compositions Containing Boron 

Table 3.3 Spectral radiant intensity values of 

compositions containing 2, 4 and 6% of 

boron powder for three wavelengths 

Composition 
Spectral Radiant Intensities 

(W/sr µm) 

 
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 12958 7750 484 

MTV+2% B 21606 10477 937 

MTV+4% B 18949 7893 708 

MTV+6% B 16981 8412 815 

 

Table 3.3 shows the numerical spectral radiant 
intensity values of MTV and the compositions 
containing 2, 4 and 6% of boron powder for α, β and γ 
wavelength intervals. The graphical representations of 
these values are shown in figures 3.7, 3.8 and 3.9 for 
α, β and γ bands, respectively.  

The intensity values of each composition containing 2, 
4 and 6% of boron are much higher than that of pure 
MTV. In α band interval the spectral radiant intensity 
value increase by 67% and in β band the same value 
increase by 35% for the composition containing 2% of 
boron powder.  

2% of boron compound yields to highest increase in 
the spectral radiant intensity value at γ band among all 
additives.  

It is seen that the composition with 2% of boron 
results the best performance among the other amounts 
of boron additive. The intensity and the specific 
intensity values of each of the boron containing 
composition are much higher than classical MTV 
composition.  

For the composition containing 4% of boron powder, 
the increases at α, β and γ bands are 46, 2 and 46%, 
respectively with respect to MTV. 

As for the composition containing 6% of boron 
powder, the increase at α band is 31%, the increase at 
β band is 85% and the increase at γ band is 68% with 
respect to MTV. Namely, the spectral radiant intensity 
value of each composition containing 2, 4 and 6% of 
boron is much higher than that of pure MTV.  It is due 
to the fact that boron is the highly energetic fuel and 
increases the flame temperature. Kuwahara et. al. 
(1997) demonstrated that the pyrolant obtained by 
adding 10% of boron into the Teflon/Viton mixture 
reaches the maximum flame temperature. This may be 
the reason of high intensity values of boron containing 
MTV composition. Also boron increases the burn rate 
of the composition. It is known that when burn rate 
increases the intensity also increases. 

 

Figure 3.7 Spectral radiant intensities of 

compositions containing 2, 4 and 6 % of 

boron powder in α band 

 

Figure 3.8 Spectral radiant intensities of 

compositions containing 2, 4 and 6 % of 

boron powder in β band 

 

 

Figure 3.9 Spectral radiant intensities of 

compositions containing 2, 4 and 6 % of 

boron powder in γ band 

Table 3.4 Spectral efficiency values of composition 

containing 2, 4 and 6% of boron powder 

for three wavelengths 

Composition Spectral Efficiencies (J/g sr) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 229 78 1,90 

MTV+2% B 230 82 2,00 

MTV+4% B 313 106 2,47 

MTV+6% B 245 83 2,93 
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One of the interesting points is that boron containing 
MTV composition has the highest intensity in γ band. 
Hence, boron may be used as an ingredient of any 
flare which protects the aircraft against the missile 
guided to the skin of the aircraft. 

Table 3.4 displays the spectral efficiency values (Eλ) 
of compositions containing 2, 4, and 6% of boron 
powders for three wavelength intervals. The graphical 
representation of efficiency values of the same 
compositions for α, β and γ band intervals are 
displayed in figures 3.10, 3.11 and 3.12, respectively.  

The composition containing 2% of boron is nearly the 
same with the efficiency value of MTV for α band, 
and the value rises 6% for β band and 5% for γ band. 
Increasing the content of boron to 4% of boron to the 
MTV leads to 37% of increase for α band, 35% of 
increase for β band and 30% of increase for γ band in 
the efficiency value.  

In order to summarize, it can be said that the specific 
intensities of compositions containing 4 and 6% of 
boron powder are much higher than that of pure MTV 
since boron increases the energies of pyrolants. The 
highest increase occurs in the composition containing 
4% of boron. But the reason is not clear.  

 

 

Figure 3.10 Spectral efficiencies (Eλ) of 

compositions containing 2, 4, and 6% of 

boron powder in α band 

 

Figure 3.11 Spectral efficiencies (Eλ) of 

compositions containing 2, 4, and 6% of 

boron powder in β band 

 

Figure 3.12 Spectral efficiencies (Eλ) of 

compositions containing 2, 4, and 6% of 

boron powder in γ band 

3.3 Compositions Containing Boron and Graphite  

In order to see the effect of boron and graphite powder 
at the same time the composition are prepared with 
both boron and graphite powder. Firstly the 
composition is prepared with 2% of boron, 2, 4 and 6 
% of graphite are added to the system. Table 3.5 
shows the spectral radiant intensity values of MTV 
and 2% of boron compositions containing 2, 4 and 6% 
graphite powder for α, β and γ bands. Figures 3.13, 
3.14 and 3.15 show the graphical representation of 
spectral radiant intensity values of the MTV-B 
compositions containing 2, 4 and 6% of graphite 
powder.  

In α and β bands the intensity values are either less 
than or much closed to that of classical MTV. It is 
observed that when only graphite powder added to the 
system the intensity values increase so much for all 
wavelength intervals. However, when boron and 
graphite are used at tha same time the intensity values 
decrease for α and β bands. It can be said that boron is 
a dominant component compared to graphite. Namely, 
the boron is much more effective than the graphite. 

Table 3.5 Spectral radiant intensity values of MTV 

and 2% of boron compositions containing 2, 

4 and 6% graphite powder for three 

different wavelengths  

Composition 

Spectral Radiant Intensities 

(W/sr µm) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 12958 7750 484 

MTV2b2gt 9924 4470 527 

MTV2b4gt 11634 4597 579 

MTV2b6gt 13135 4716 629 
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Figure 3.13 Spectral radiant intensities of 

compositions containing MTV and 2% 

boron with 2, 4 and 6% graphite powder 

in α band 

 

Figure 3.14 Spectral radiant intensities of 

compositions containing MTV and 2% 

boron with 2, 4 and 6% graphite powder 

in β band 

The results for γ band shows that the intensity value of 
all the composition containing boron and graphite is 
higher than the intensity value of classical MTV.  

 

Figure 3.15 Spectral radiant intensities of 

compositions containing MTV and 2% 

boron with 2, 4 and 6% graphite powder 

in γ band 

 

 

 

 

Table 3.6 Spectral efficiency (Eλ) values of MTV 

and 2% of boron compositions with 2, 4 and 

6% graphite powder for three different 

wavelengths 

Composition Spectral Efficiencies (J/g sr) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 228.84 78.23 1.9 

MTV2b2gt 229.32 78.11 2.51 

MTV2b4gt 263.98 87.83 3.11 

MTV2b6gt 283.99 88.97 3.42 

 

Table 3.6 displays the numerical values of spectral 
efficiencies of MTV and 2% of boron with 2, 4 and 
6% of graphite powder compositions for α, β and γ 
bands. Figures 3.16, 3.17 and 3.18 display the 
graphical representations of spectral efficiencies of 
compositions containing MTV, 2% boron and 2, 4 and 
6% graphite powder in α, β and γ bands, respectively. 
Increasing the content of graphite powder in MTV-2% 
B system leads to increase the efficiency values 
especially for 4 and 6% of graphite content. This is 
observed for all wavelength intervals. 

As it is said before the efficiency values of the 
compositions containing 2% of graphite without boron 
(Table 3.2) are much higher than that of MTV. It is 
seen that efficiencies of the compositions containing 
2% of graphite and 2% of boron are closed to the 
efficiency of MTV. This implies that boron is more 
dominant compound than graphite. Hence the 
efficiency values of compositions containing graphite 
decrease after 2% of graphite content. Especially in γ 
band, the efficiency values of the MTV-B and 4 and 
6% of graphite compositions are much lower than the 
value of MTV. However MTV-2% of boron-graphite 
system has the highest efficiency values among all 
types of compositions up to now. 

 

Figure 3.16 Spectral efficiencies of compositions 

containing MTV and 2% boron with 2, 4 

and 6% graphite powder in α band 
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Figure 3.17 Spectral efficiencies of compositions 

containing MTV and 2% boron with 2, 4 

and 6% graphite powder in β band 

 

Figure 3.18 Spectral efficiencies of compositions 

containing MTV and 2% boron with 2, 4 

and 6% graphite powder in γ band 

 

3.4 Compositions Containing Carbon Nano Tube  

In order to see the effect of CNT on radiometric 
properties of MTV composition 1, 2, 3, 4 and 5 
percentages of CNT containing MTV compositions 
are prepared. Table 3.7 shows the numerical values of 
radiant intensities of compositions containing 1, 2, 3, 4 
and 5 % of CNT for three wavelength intervals 
whereas figures 3.19, 3.20 and 3.21 show the 
graphical representations of radiant intensities for α, β 
and γ bands, respectively.  

It is observed from the figures that the intensities of 
compositions containing from 1 to 5% of CNT leads 
to increase at α and γ bands, but the intensities of 
compositions containing from 1 to 5% of CNT 
generally leads decrease at β band. The reason is not 
clear. 

 

 

 

 

 

 

 

Table 3.7 Spectral Radiant Intensity values of 

MTV and CNT compositions with different 

percentages for three different wavelengths  

Composition 

Spectral Radiant Intensities 

(W/sr µm) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 12958 7750 484 

MTV+1% cnt 19793 7742 648 

MTV+2% cnt 22757 8559 654 

MTV+3% cnt 19130 7244 693 

MTV+4% cnt 21705 7640 554 

MTV+5% cnt 22742 7226 595 

 

 

Figure 3.19 Spectral radiant intensities of 

compositions containing 1, 2, 3, 4 and 5% 

of CNT in α band 

Carbon nano tube is good thermal conductor. Nielson 
and Lester have suggested to use CNT to enhance the 
burn rate of MTV (Palaiah et. al. 2011). Moreover 
there is a parametric study which belongs to Palaiah 
et. al. (2011) about the influence of CNT at burn rate 
and intensity. This says that when the mass fraction of 
CNT increases burn rate increases but the spectral 
efficiency decreases. The intensity values of 
compositions containing 1, 2 and 3% of CNT are 
better than that of the compositions containing 4 and 
5% of CNT (Wang 1991). 
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Figure 3.20 Spectral radiant intensities of 

compositions containing 1, 2, 3, 4 and 5% of CNT 

in β band 

 

Figure 3.21 Spectral radiant intensities of 

compositions containing 1, 2, 3, 4 and 5% 

of CNT in γ band 

Table 3.8 displays the numerical results of spectral 
efficiency of compositions containing 1, 2, 3, 4 and 5 
% of CNT for α, β and γ bands. 

Table 3.8 Spectral Efficiency values of MTV and 

CNT compositions with different 

percentages for three different wavelengths 

Composition Spectral Efficiencies (J/g sr) 

  
1.7-3 µm 

(α) 

3-5 µm 

(β) 

8-10 µm 

(γ) 

MTV 228.84 78.23 1.9 

MTV+1% cnt 222.39 67.73 1.74 

MTV+2% cnt 245.3 70.26 1.68 

MTV+3% cnt 191.57 62.09 1.72 

MTV+4% cnt 256.61 74.87 1.73 

MTV+5% cnt 251.92 74.08 1.59 

 

Figures 3.22, 3.23 and 3.24 display the graphical 
representations of spectral efficiencies of 
compositions containing 1, 2, 3, 4 and 5 % of CNT for 
α, β and γ bands, respectively.  

The highest increase in the efficiency is observed from 
the composition containing 4% of CNT for α band 
(12%). The efficiency values are much closed to each 
other for all compositions. It can be concluded that 
CNT does not affect the system much for β band.  

As for the γ band, the efficiencies decrease for all 
compositions. 

 

 

Figure 3.22 Spectral efficiencies (Eλ) of 

compositions containing 1, 2, 3, 4 and 5% 

of CNT in α band 

 

Figure 3.23 Spectral efficiencies (Eλ) of 

compositions containing 1, 2, 3, 4 and 5% 

of CNT in β band 

Figure 3.24 Spectral efficiencies (Eλ) of 

compositions containing 1, 2, 3, 4 and 5% 

of CNT in γ band 

4. CONCLUSIONS 

In this study, graphite, boron and carbon nano tube 
powders are used as additives to MTV compositions 
in order to improve the radiometric performance of 
classical MTV. The radiometric performances, 
Spectral Radiant Intensity (W/str µm ) and Specific 
Intensity (J/str g),  are investigated between each of 
the wavelength intervals of 1.7-3 µm (α), 3-5 µm (β) 
and 8-10 µm (γ). 

For MTV-Graphite system 2 and 4 % of graphite 
containing composition has much higher intensity and 
efficiency value than classical MTV. The highest 
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spectral radiant intensity and spectral efficiency values 
are obtained from 2% of graphite-containing MTV 
compositions.  

Like MTV-Graphite system, the intensity values of 
2% of boron containing composition are higher than 
other boron containing compositions. In addition, 2% 
of boron containing MTV composition has the highest 
intensity value among all compositions for γ band. 
Compositions containing boron have higher intensity 
values than MTV, especially in γ band.  

MTV-2% of boron-graphite system has the highest 
efficiency values among all types of compositions. 

The intensities of compositions containing from 1 to 
5% of CNT lead to increase at α and γ bands, but the 
intensities of compositions containing from 1 to 5% of 
CNT generally lead decrease at β band. 

The most increment of the efficiency value is seen 
from the composition containing 4% of CNT for α 
band (12%). The efficiency values are much closed to 
each other for all compositions. It can be concluded 
that CNT does not affect the system too much for β 
band. As for the γ band, all compositions containing 
CNT the efficiencies decrease. 
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ABSTRACT 

In most cases of thermite reactions a hot gas phase 
close to the surface of the reacting particles is formed. 
This gas phase consists of hot metal vapour and 
released decomposition products or intermediate 
molecules. One part of the energy is emitted in form 
of radiation. Excited atoms of metal vapour emit line 
spectra at characteristic wavelengths in UV/VIS/NIR 
spectral range in combination with band systems of 
mainly diatomic molecules that represent intermediate 
products of the reacting metals and oxides. The main 
part of the thermal radiation is emitted by hot particles 
as continuum emission with a maximum intensity in 
NIR that can be physically described as a grey body 
emitter. The gas phase reaction is an extremely 
transient process. In this paper the thermite reaction of 
Al/CuO is investigated using fast high-resolution 
emission spectroscopy in the UV/VIS wavelength 
range and a colour high-speed camera equipped with a 
macro-optic. The spectra provide information about 
the transient formation of reacting species. From 
rotationally resolved spectra of the diatomic molecules 
(AlO, Cu2 and CuO) the gas-phase temperature was 
determined by comparison of calculated with 
experimental spectra using a non-linear least squares 
fit. 

1. INTRODUCTION 

Thermite type reactions are highly exothermic 
chemical reactions where a metal is oxidized by a 
metal-oxide to form a more stable metal-oxide and a 
metal or alloy. The reaction type is known as solid 
state reaction, because the educts and products are in 
the solid phase. They are used to achieve high 
temperature and high thermal energy releases (Fischer 
1998). Due to the high temperatures the intermediate 
reaction products are also available in the vapour 
phase. This is pointed out by emission spectra of 
intermediate product band systems and is shown e.g. 
by Weiser et. al. (2010). In this paper the arising 
intermediate diatomic species and reaction zone 
temperature of the Al/CuO thermite reaction was 
investigated to get hints of the reaction mechanism. In 
the case of the Al/CuO thermite the diatomic copper 
compounds Cu2 and CuO occur (Figure 1) and the 
vibrational transition probabilities (Franck-Condon 
factors) and/or the emission spectra are calculated and 

presented. The vapour phase temperature was 
determined by comparison of calculated with 
experimental spectra by a non-linear least squares fit. 
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Figure 1: Overview spectra of Al/CuO thermite 
combustion. 

2. EXPERIMENTS 

The Al/CuO thermite mixture was burned in a high 
pressure autoclave. The particles of the thermite 
mixture consisted of particles with a diameter on the 
micrometer scale. They were burned as a small pile of 
bulk material of circa 1 g in 0.1 MPa nitrogen 
atmospheres. For detailed information of the 
experimental setup see (Weiser 2011). 

The emission of the combustion process was imaged 
with an optic quartz lens system to the entrance slit of 
a UV/VIS grating imaging spectrometer. Gratings 
with 150 l/mm, 600 l/mm and 2400 l/mm were used to 
cover the wavelength range from 350 to 700 nm. The 
spectrometer is coupled to a Si-CCD-camera with 
256 x 1024 pixels and a maximum speed of 
1.000 spectra / s in full vertical binning mode (Andor 
CCD DU920P-UV-BR-DD). Mercury-argon and neon 
lamps were used to calibrate the wavelengths of the 
spectra. To correct the intensity distribution for the 
different sensitivities of the gratings and the CCD-
camera pixels for different wavelengths a tungsten 
strip lamp with a defined radiation capacity was used 
for a relative intensity calibration.  

The second window of the window bomb was 
equipped with a high-speed camera (MotionPro X3 
from Redlake) with a resolution of 2000 fps (at 
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1280 x 1024 pixels) for observation of the combustion 
process. 

DATA ANALYSIS 

To simulate rotationally resolved spectra of diatomic 
molecules, the intensity distribution has to be 
calculated. Besides the energy levels, the transition 
probabilities of the involved molecule states and the 
line profiles are necessary. 

In the case of the Al/CuO thermite the spectra of the 
diatomic molecules AlO, Cu2 and CuO occur. The 
B2-X2 transition of the AlO molecule was discussed 
in Ref. (Knapp 2011). For the copper compounds, Cu2 
and CuO, the diatomic constants for the A1-X1 
(Cu2) and the A2-X2Π (CuO) transition were 
available (Page 1991), (Appelblad 1974) and (Jin Jin 
2002). To determine the transition probabilities of the 
vibrational bands (Franck-Condon factors) the 
potential energy curves were calculated by the method 
of Rydberg-Klein-Rees (RKR-method) using the 
RKR1 2.0 Code by R. J. Le Roy (2004). They are 
depicted in Figure 2 and Figure 3.  
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Figure 2: Calculated potential energy curves of the 
Cu2 molecule. 
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Figure 3: Calculated potential energy curves of the 
CuO molecule. 

The potential energy curves and the equilibrium 
distances of the Cu2 molecule are in good agreement 
with Ref. (Page 1991). For the CuO molecule they 
differ by a factor of two in comparison to Daoudi 
(1998). From there the Franck-Condon factors were 

calculated by solving the 1-dimensional Schrödinger 
equation with the before calculated potential energy 
curves using the LEVEL 8.0 Code again by R. J. Le 
Roy (2007). They are listed in Table 1 for the A1-
X1 transition of Cu2 and Table 2 for the A2-X2Π 
transition of CuO.  

v’\v’’ 0 1 2 3 4 5 

0 
6.58143 

e-01 
2.13796 

e-01 
8.62145 

e-02 
2.87330 

e-02 
9.28075 

e-03 
2.77298 

e-03 

1 
3.17659 

e-01 
2.43881 

e-01 
1.90100 

e-01 
1.40255 

e-01 
6.56741 

e-02 
2.76294 

e-02 

2 
2.24293 

e-02 
4.73223 

e-01 
7.07032 

e-02 
1.09723 

e-01 
1.48270 

e-01 
9.26786 

e-02 

3 
9.42308 

e-04 
6.28078e-

02 
5.24696e-

01 
1.19995e-

02 
4.26660e-

02 
1.26599 

e-01 

4 
8.03881 

e-04 
2.65648 

e-03 
1.13994 

e-01 
5.14545 

e-01 
8.91042 

e-05 
7.20973 

e-03 

5 
1.53435 

e-07 
3.50147 

e-03 
4.73926 

e-03 
1.68417 

e-01 
4.71815 

e-01 
2.23641 

e-03 

Table 1: Franck-Condon factors for the A1-X1 
transition of Cu2. 

v’\v’’ 0 1 2 3 4 5 

0 
9.46426 

e-1 
- - - - - 

1 
5.35114 

e-2 
8.44270 

e-1 
- - - - 

2 
6.08848 

e-5 
1.06554 

e-1 
7.47021  

e-1 
- - - 

3 
9.40479 

e-7 
2.92786 

e-4 
1.58607 e-

1 
6.54659 

e-1 
- - 

4 
6.44067 

e-7 
2.07044 

e-6 
8.60911e-

4 
2.09098 

e-1 
5.67177 

e-1 
- 

5 
3.32672 

e-8 
2.91307 

e-6 
2.03740 e-

6 
1.98699 

e-3 
2.57389 

e-1 
4.84604 

e-1 

Table 2: Franck-Condon factors for the A2-X2Π 
transition of CuO. 

With the rotational constants from (Page 1991), the 
calculated Franck-Condon factors and a line profile 
the emission spectra for different temperatures were 
calculated (discussed in Knapp 2011) shown in Figure 
4 and Figure 5.  
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Figure 4: Calculated emission spectra of Cu2 A
1Σ-

X1Σ for different temperatures. 

  



Knapp “et al.” 

 3
IPS 2013

605 610 615 620
0.0

0.2

0.4

0.6

0.8

1.0
I 

 [a
.u

.]

 [nm]

 T=1000K
 T=1500K
 T=2000K
 T=2500K
 T=3000K
 T=3500K
 T=4000K

 

Figure 5: Calculated emission spectra of CuO A2-
X2Π3/2 for different temperatures. 

RESULTS 

In Figure 6 and Figure 7 highly resolved spectra of the 
Al/CuO combustion in the interested wavelength 
range between from 460 – 620 nm (see also Figure 1) 
without the D2-sodium line at 589.2 nm are shown. 
Between 460 – 550 nm the AlO B2-X2, the Cu2 
A1-X1 and the B1-X1 system could be definitely 
identified by comparison with calculated spectra.  
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Figure 6: Highly resolved spectra of the Al/CuO 
combustion in the range 460-550 nm. 
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Figure 7: Highly resolved spectra of the Al/CuO 
combustion in the range 603-621 nm. 

Unfortunately, the calculated Cu2 A1-X1 system 
overlays with the AlO system or it is in absorption, so 

that temperature determination by fitting the 
calculated spectrum to the experimental one was 
impossible (Figure 8). The overlay factor (0.25) of the 
calculated spectra (blue line) was arbitrarily selected.  

From the AlO B2-X2 system the band head of the 
v=0 vibrational band do certainly not overlay and for 
the small wavelength range from 483.9 – 486 nm a fit 
(FWHM = 0.065 nm) was possible. This is acceptable 
because the sloping edges of AlO vibrational 
transitions are very temperature sensitive (Knapp 
2011). The obtained temperature for the vapour phase 
on the basis of the AlO molecule was 2527 K. 
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Figure 8: Illustration of the overlaying spectra of 
AlO and Cu2. 

In the wavelength range from 603 – 621 nm the CuO 
A2-X2Π system appears with no overlay (Figure 7). 
In a first step the A2-X2Π3/2 subsystem was 
calculated and fitted to the experimental spectra 
(Figure 9). The determined temperature for the vapour 
phase on the basis of the CuO molecule was between 
2500 K and 2750 K in good agreement with the 
temperature of the AlO molecule. 
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Figure 9: Fit of the calculated to an experimental 
spectrum of the CuO A2-X2Π3/2 subsystem. 

The pictures from the reaction of the Al/CuO thermite 
for different time steps are shown in Figure 10. Here 
the development of the reaction process and the 
formation of the large volume of the vapour phase are 
visible. On the border of the vapour phase a green 
region is observable which gives a hint for formation 
of AlO and Cu2 in the vapour phase. The orange/red 
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colour may be emitted from the dispersed copper 
formed by the reaction from aluminium with the 
copper oxide or from the emission of the A2-X2Π 
system of CuO. 

 

 

 

 

Figure 10: Time development of the Al/CuO 
thermite combustion. 

3. SUMMARY 

The emission spectra of Al/CuO thermite reaction 
were investigated. In the vapour phase AlO, Cu2 and 
CuO were observed and determined by calculation of 
the first excited transitions of the diatomic copper 
compounds Cu2 and CuO. Therefore the potential 
energy curves and the vibrational transition 
probabilities were calculated from the diatomic 
constants given in the literature. With a fit of the 
calculated to the experimental spectra the temperature 
of the vapour phase of the burning Al/CuO thermite 
was determined. 
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ABSTRACT 

Alkaline metal salts are widely used in pyrotechnic 

formulations. For NIR pyrotechnics, potassium and 

cesium nitrate are mainly used as oxidizers and 

infrared emitters. Herein, new NIR illuminant 

compositions were tested using several potassium and 

cesium salts of high-nitrogen compounds such as 

tetrazole and triazole derivatives. The research of new 

formulations comprises the evaluation of sensitivity 

data and radiometric measurements of new 

formulations. Furthermore it was investigated whether 

the IR emission can be improved using different 

nitrogen releasing agents like 5-aminotetrazole or 

diethylene triamino trinitrate (DETT) as 

hexamethylenetetramine replacements.  

1. INTRODUCTION 

Since the development of night vision devices (NVD 

or NOD) pyrotechnic formulations emitting in the NIR 

(near infrared) region are of research interest. The 

mainly used spectral region for night vision detection 

is from 700–1000 nm, which can be explained by the 

spectral limit of night vision goggle detectors (Koch 

2009). NIR pyrotechnics find therefore their 

applications in (military) clandestine night operations 

and are used for example as parachute flares (ground 

to air), to illuminate large (combat) areas (Hardt 

2001). 

The main charge of currently used NIR formulations 

are so called ‘Black Nite’ formulations.  They consist 

of: silicon powder (fuel, burn rate modifier), 

potassium and/or cesium nitrate (oxidizer, IR emitter), 

hexamine (fuel, nitrogen release), and a binder 

(Lohkamp 1973, Jones 1991, Nielson 1994).
 

Compared to cesium ions formed from the oxidizer, 

the NIR emission for rubidium nitrate is lower but the 

maximum IR output is blue shifted and therefore 

within a better region for night vision detectors. Due 

to higher costs and restricted availability, rubidium 

salts are not used regularly (Douda 1970, Jemmett 

2009). The main focus regarding new NIR illuminants 

is on high burn rates, a clean burning behavior, high 

NIR emission and low emission in the visible 

spectrum. In addition, non visible diffuse flames 

which disseminate condensed reaction products would 

be favored because solid reaction products which are 

close to the flame can alter or dim the radiant 

characteristics. Therefore compounds which release 

large amounts of nitrogen are desirable. They produce 

non-luminous flames and hence lead to a clear burning 

behavior.  It is further assumed that certain potassium 

and cesium high-nitrogen compounds possess enough 

energy to achieve both exothermal decomposition and 

thermal excitation but generate sufficient nitrogen gas 

to remain dim in the visible range.  

Several high nitrogen materials were synthesized and 

tested in new NIR formulations due to their safety, 

their emission between 600 and 1000 nm as well as in 

the visible. Possible candidates for NIR emitting 

compounds are potassium and cesium salts of e. g.  

3-nitro-1,2,4-triazol-5-(1H,4H)-one (NTO), 4,4´,5,5´-

tetranitro-2,2´-bisimidazole (TNBI), 5,5´-bistetrazolyl 

amine (BTA), or 3-nitro-1,2,4-triazole (Fig. 1).  

Investigated hexamine replacements and nitrogen 

releasing agents are for example hexogen (RDX), 

octogen (HMX), 5-aminotetrazole (5AT), 3-amino-

1H-1,2,4-triazole (3ATR), diethylene diaminedinitrate 

(EDD), diethylene triaminetrinitrate (DETT) or 

diethylene triaminetriperchlorate (DETP) (Fig. 2). 
 

 

Figure 1: Overview of potassium and cesium salts: BTA 

(1), TNBI (2), BOX (3), DNT (4), NTO anion (5). 
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Figure 2: Overview of possible hexamine replacements: 

RDX (6), HMX (7), 3ATR (8), 5AT (9), EDD (10), 

DETT (11), DETP (12). 

2. RESULTS AND DISCUSSION 

The characterization of new pyrotechnic formulations 

includes sensitivity testing against external stimuli as 

well as performance measurements for the visible 

output between 400–600 nm and near-infrared output 

between 600–1050 nm. In addition, concealment 

indices which specify the ratio between near infrared 

and visible light (χ = INIR/Ivis) are listed in Table 5. The 

US Army in-service ‘Black Nite’ formulation is given 

in Table 1. The results obtained for new formulations 

were compared with control charges containing either 

70% potassium nitrate or 30% potassium and 40% 

cesium nitrate. The tested formulations containing 

high-nitrogen compounds and hexamine replacements 

respectively are listed in Tables 2 and 3. Formulations 

containing 16% EDD, DETT or DETP instead of 

hexamine were impossible to ignite due to their 

hygroscopic behavior. Therefore the total amount was 

reduced to 8% of the material (Table 3). 

Table 1: Black Nite control formulation (amounts in  

 wt-%). 

Component control 1 control 2 

Silicon powder 10 10 

Hexamine 16 16 

Potassium nitrate 70 30 

Cesium nitrate  40 

Binder 4 4 

 

Table 2: Investigated formulations of high-nitrogen 

compounds (amounts in wt-%). 

Component 1  2 3 4 5 

Silicon powder 10 10 10 10 10 

Hexamine 16 16 16 8 12 

Potassium nitrate 60 25 25 30 30 

Cesium nitrate  30 35 40 40 

Binder 4 4 4 4 4 

Potassium BTA 10     

Cesium NTO  15    

Cesium TNBI   10   

Potassium BOX    8  

K and Cs DNT*     4 

*2 wt-% postassium and 2 wt% cesium salt 

Table 3: Investigated formulations of hexamine 

replacements (amounts in wt-%). 

Component 6  7 8 9 10 11 12 

Silicon powder 10 10 10 10 10 10 10 

Hexamine  12.5   8 8 8 

Potassium nitrate 70 70 70 70 70 70 70 

Binder 4 4 4 4 4 4 4 

RDX 16       

HMX  3.5      

5AT   16     

3ATR    16    

EDD     8   

DETT      8  

DETP       8 

 

2.1 Sensitivity Data 

The sensitivities of all new formulations were 

determined by BAM (Bundesanstalt für 

Materialforschung- und prüfung) methods (STANAG 

1999/2002, Zeman 2006, Skinner 1997) and are 

presented in Table 4 together with their mass, density 

and burn time data. 

Exclusively all Black Nite formulations are insensitive 

against friction and electric discharge (350 N, 1.5 J). 

Only several compositions are classified as ‘less 

sensitive’ (35–25 J) e. g. control 1, 3ATR, HMX, and 

DETP or ‘sensitive’ (25–7 J) against impact e. g. 5AT 

and RDX. The sensitivity data of DETT and EDD 

were not determined due to the hygroscopic behavior 

of the pellets.  

Table 4: Sensitivity data of Black Nite formulations. 

Name FS [N] IS [J] ESD [J] 

Control 1 360 35 1.5 

Control 2 360 40 1.5 

5AT 360 10 1.5 

3ATR 360 30 1.5 

BTA 360 40 1.5 

NTO 360 40 1.5 

TNBI 360 40 1.5 

BOX 360 40 1.5 

DNT 360 40 1.5 

EDD n.d. n.d. 1.5 

DETT n.d. n.d. 1.5 

DETP 360 35 1.5 

RDX 360 7 1.5 

HMX 360 35 1.5 

n.d. = not determined 
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2.2 Performance Measurements 

The default intensities values for a payload larger than 

10 g are > 25 W sr
-1
. These values are stated for the 

maximum intensity. Because most flares tested therein 

consist of approximately 10 g, 25 W sr
-1
 are normally 

not reached. As it can be seen from the compared 

10/20 g charges nearly the double IR output was 

achieved for a 20 g pellet (Table 5). Surprisingly this 

was observed for all new formulations but not for 

control 1. A single test with a 30 g charge of control 1 

and 2 results in 25 W sr
-1
 (χ = 27, Ivismax = 600 Cd) and 

18 W sr
-1
 (χ = 57, Ivismax = 215 Cd), respectively (not 

listed in Table 5). Tested formulations bearing 

possible hexamine replacements show a low visible as 

well as a low NIR output in a range of 1–6 W/sr.  

Similar NIR emission and concealment indices to both 

controls are obtained for the formulation containing 

10% potassium BTA. Hence, this formulation would 

be a good candidate for further experiments. Due to 

the large amount of cesium NTO, the concealment 

index of 99 is much higher compared to both control 

charges but the maximum intensity output is in the 

range of 5 W sr
-1
. Moderate emission values are 

obtained for TNBI, BOX and DNT compositions. All 

results are with 10–13 W sr
-1
 in the range of the 

control charge. The burn times for 5AT, 3ATR, EDD, 

DETT, DETP, RDX, and HMX are extended to 30 s 

or in most cases to over 35 s but all flares showed a 

marginal flame surface. The burn time for all other 

compositions lie between both control charges, except 

the BOX formulation burned much faster (11 s). To 

illustrate the burning nature the flame surface and the 

intensity as a function of time plot of several selected 

formulations are illustrated in Figure 3 and 4. 

 

 
Table 5: Performance data of Black Nite formulations.* 

 

  

Figure 3: Flame surface of DETP (left) and control 2 

(right). 

 

 

 

Figure 4: Selected formulations with poor burning 

nature. 
 

Formulation 
IVIS 

[Cd]a 

INIR 

[W sr-1]b 
INIR 

[Ws sr–1 g–1]b 
χ 

Burn time 

[s] 

Mass  

[g] 

Density  

[g cm-3] 

Control 1 281/264† 10.96/13.15† 27.96 27/34† 25 9.8 1.57 

Control 2 144 12.37 24.48 59 19 9.6 1.85 

5AT 28 1.04 3.90 25 36 9.6 1.66 

3ATR 61 2.50 7.89 28 30 9.5 1.61 

BTA 218 11.74 24.90 37 21 9.9 1.56 

NTO 92 5.25 9.64 99 18 9.8 1.90 

TNBI 163 10.68 23.73 45 22 9.9 1.74 

BOX 172/432† 11.80/26.15† 13.24 47/41† 11 9.8 1.97 

DNT 178/398† 12.70/24.94† 21.80 49/43† 17 9.9 1.98 

EDD 46 1.80 6.30 26 > 35 10.0 1.71 

DETT 46 1.65 5.83 24 > 35 9.9 1.69 

DETP 122 3.76 13.43 21 > 35 9.8 1.61 

RDX 40 1.15 4.11 20 > 35 9.8 1.69 

HMX 184/527† 6.85/15.60† 24.46 25/20† > 35 9.8 1.63 

*all values are mean values of 3–5 measurements and 10g charges, a Ivis (maximum value) = 400–700 nm 
 b INIR (maximum value) = 700–1000 nm; †10g / 20g batch 
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2.3 Experimental Part 

Preparation of the Pyrotechnic Charge 

Epon 828, Epicure 3140 (binder system) and silicon 

MIL-S-250 (grade 2, class C) were obtained from 

ARDEC. The epoxy system was used as 70 % Epon 

and 30 % Epicure with a total amount of 4 %. 

Hexamine, potassium nitrate p. a., and cesium nitrate 

p. a. were received from Sigma-Aldrich, pulverized 

separately in a ball mill from HARBOR FREIGHT TOOLS 

for several hours, sieved and dried at 60°C for at least 

12 h before use. Black Nite compositions were 

prepared as 50 g (5 x 10 g) batches according to their 

respective weight percentages in the formulations 

(Table 1-3) and mixed in a mortar. 10 g of the 

composition was pressed with 2–3 t in a 54PM250 

hydraulic press and corresponding 20 mm die set from 

MAASSEN GmbH. The average weight of five 10 g 

pellets and their average densities are given in Table 

5. First tests were carried out without a primer charge 

or a first fire. Compounds 1-7 as well as 10-12 were 

synthesized according to literature (Scheutzow 2012). 

Compounds 8 and 9 were used as received from 

Sigma-Aldrich. 

 

Radiometric Measurements 

Radiometric emissive properties of new Black Nite 

formulations were characterized using a HR2000+ES 

spectrometer with an ILX511B linear silicon CCD-

array detector, UV2/OFLV-5 filter, L2 lens, 10 µm slit 

and included software from OCEAN OPTICS. The 

spectrometer was calibrated by OCEAN OPTICS for 

radiometric measurements.  

For intensity measurements the optical fiber was 

coupled with a CC-3-UV cosine corrector 

(= irradiance probe) with a diameter of 3900 microns. 

The intensity of light was measured normal to the 

probe surface. The performance data were calculated 

with an in-house Matlab program. 

 

CONCLUSION 

Several energetic materials like potassium and cesium 

3,5-dinitro-1,2,4-triazolate or 3-nitro-1,2,4-triazol-5-

one were synthesized and investigated as possible 

additives in near infrared pyrotechnic formulations, so 

called Black Nite compositions. Before executing 

radiometric measurements, all formulations were 

tested with respect to their sensitivity and combustion 

behavior. Exclusively all formulations are insensitive 

towards friction and electric discharge and only few 

are moderate or less sensitive towards impact e. g. 

RDX. Most of the new investigated formulations show 

similar or lower maximum intensity values as both 

control charges. Several additional tests might be 

carried out with 3,5-dinitrotriazole (DNT), 5,5'-

bis(tetrazolyl)amine (BTA), 2,2',3,3'-

tetranitrobisimidazole (TNBI) or bis(oxadiazolon) 

(BOX) which showed good burning behaviors and 

acceptable IR output. 
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ABSTRACT 

A pyrotechnic composition (RD1365), containing 

boron and barium chromate, was originally 

incorporated into an electrically initiated gas 

generator to produce a delay prior to the main 

composition igniting  and giving a very specific 

high pressure pulse.  

Prior to an equipment upgrade, the boron 

originally specified was found to be no longer 

available and although an alternative supply of 

boron was identified, it had a slightly different 

particle size. Four new formulations containing 

different amounts of this boron were prepared 

using the RD1365 aqueous mixing process. 

These formulations and a number of other 

pyrotechnic formulations were filled into 

initiators and tested as replacement compositions.  

For each formulation, the delay time was 

determined. Four formulations were found to 

have potential as a replacement for RD1365 in 

the initiator; three of these were based on boron-

barium chromate and one based on silicon-

bismuth oxide. As a result of this study, the 

composition containing nominally 8% boron was 

selected for a series of real-time and multi-

temperature accelerated ageing trials in four 

different designs of initiator. 

1. INTRODUCTION 

Despite their small size, initiators play a key part 

in the performance, reliability and safety of many 

weapon systems; they are required to function 

from a relatively small input stimulus, either 

thermal, mechanical or electrical. 

The low voltage initiator studied is a gas 

generator designed to produce a specific 

pressure-time curve after a delay of 15 ms to 

50 ms. RD1365 provides the necessary delay and 

0.2 g of barium styphnate (RD1320B) the high 

pressure pulse.  

RD1365 is a gasless pyrotechnic delay 

composition containing 10% boron and 90% 

barium chromate; it is prepared by the addition of 

barium chloride to a heated solution of sodium 

dichromate containing amorphous boron [1]. This 

method of preparation ensures that the 

ingredients cannot segregate after manufacture, 

significantly reduces the hazards during 

processing and potentially protects the boron 

from atmospheric oxidation.  RD1365 was 

originally formulated to reliably ignite from a 

bridgewire; its burning rate is essentially 

unchanged at reduced pressure and it is 

compatible with polyester and phenolic moulding 

compounds. 

The work described in this paper was performed 

prior to an equipment upgrade when it was found 

that the “Twenty Mule Team” (TMT) boron 

originally specified for the manufacture of 

RD1365 was no longer available. The 

replacement “Trona” boron has a smaller mean 

particle size and had previously been shown to 

produce compositions with a 50% higher burning 

rate [1]. 

A small amount of RD1365 that was around 14 

years old prepared using the TMT boron was 

used as a control composition. 

The performance of the initiator is closely 

controlled: 

• The pressure must be less than 3 MPa for 

the first 13 ms; 

• The time from initiation to a pressure of 

110 MPa must be between 15 and 50 ms; 

• The rise time from 10 MPa to 110 MPa 

must be less than 3 ms;  

• The pressure 10 ms after a pressure of 

110 MPa was initially achieved must be 

greater than 55 MPa. 

The first two of these parameters are affected by 

the choice of delay composition and the since the 

ignition rate of the barium styphnate is so rapid, 
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the second parameter is effectively the delay time 

of the pyrotechnic.  

2. EXPERIMENTAL 

2.1 Composition Formulation  

Four replacement compositions containing 

nominally 6%, 7% (two batches) and 8% boron 

were prepared using the wet heated solution 

method. The compositions containing 7% boron 

were expected to have burning rates similar to 

RD1365.  

A number of other gasless pyrotechnic 

compositions were also prepared; the ingredients 

for these compositions were dried for 3 hours 

before use, sieved through a 63 µm sieve and 

then blended in a Turbula mixer.  

The formulation details for all of the 

compositions are given in Table 1. 

2.2 Initiator Manufacture 

The compositions were filled into a low voltage 

initiator which closely matched the device used 

in the equipment. The sub-assembly components 

were moulded from diallylphthalate and 

comprised the electrode head assembly into 

which had been soldered a single bridgewire, the 

barrel and a closure cap (Figure 1). The platinum 

wire used to form the bridgewire had a diameter 

of 0.0635 mm (0.0025 ins) and this gave a bridge 

resistance of 0.05 to 0.09 Ω. 

The electrode head and the barrel were assembled 

using cyanoacrylate adhesive. Excess adhesive 

was removed before visually examining the 

bridgewire to ensure it is undamaged with no 

adhesive on the bridgewire or electrode head. 

The units were filled with the pyrotechnic 

composition, which was consolidated at a 

pressure of 58 MPa, before filling with 0.2 g of 

RD1320B; this was examined after pressing to 

ensure that the surface of the RD1320B was free 

from cracks. To obtain the necessary delay time, 

between 0.044 g and 0.075 g of the delay 

composition was filled. 

A thin film of cyanoacrylate adhesive was 

applied to the top of the barrel, the closure cap 

was pressed on and excess adhesive was 

removed. A light pressure was applied to the cap 

until bonding was complete. The units were 

subjected to x-radiography to check the quality of 

the electrodes, moulded components, 

composition filling and bridgewire. 

Each filled sub-assembly was potted into a 

stainless body using epoxy resin putty prior to 

testing (Figure 2). 

2.3 Initiator Testing 

The assembly shown in Figure 3 was used to test 

each initiator. After assembly of the components 

to the required torque, the bridgewire was 

subjected to a firing pulse delivering 6.0 ± 0.5 A. 

A Kistler pressure transducer model 6201 was 

used to record the pressure time profile. 

Safety tests were carried out on compositions B3, 

B4 and EP3. Eighteen units filled in the normal 

way were subjected to the passage of a direct 

current of between 2.0 and 2.2 A for 15 to 20 

consecutive minutes. The units were placed on a 

polythene sheet during testing and no additional 

cooling was permitted. 

3. RESULTS AND DISCUSSION 

A typical pressure-time profile curve is shown in 

Figure 4. A summary of the mean delay time, the 

number used to calculate the mean delay time 

and the number of failures to ignite is given in 

Table 2. 

The compositions containing niobium/copper 

oxide (EP4), silicon/barium chromate (EP5, EP6, 

EP7) and silicon/lead chromate (EP9) were found 

unsuitable, either because of poor ignition 

characteristics or because inconsistent delay 

times were observed.  

The specification for this initiator allows a delay 

time of 15 ms to 50 ms and typically RD1365 has 

been found to give a delay time of around 25 ms.  

A limited number of firings on the control batch 

of RD1365, which was 14 years old at the time of 

testing, was found to give a mean delay time of 

just over 28 ms. 

The burning rate of the wet mixed Trona boron-

barium chromate compositions appeared to show 

an increase as the boron content increased.  

Only composition B1 gave the required delay 

time when 0.044 g of composition was used. A 

limited study on composition B3 confirmed that 

as the amount of composition was increased the 

delay time increased in a linear manner. The 

linear fit equation was 11.0+250.6x where x was 

the amount of boron in grams; R
2
 for the fit was 

0.98. This suggests that heating of the bridgewire 

and ignition of the composition takes around 

11 ms. The estimated burning rate of the 

composition was 30 mm s
-1
 which is 

approximately 25% higher than expected. 
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All three compositions gave delay times that 

were greater than the minimum 15 ms and the 

data showed that by using 0.06 g of B3 or 0.07 g 

of B4 longer delay times of 26.6 ms and 24.0 ms 

were achievable. 

Two other compositions were found to give a 

delay time in the required range when using 

0.044 g of composition; EP3 a dry blend of 

boron/barium chromate composition containing 

8% boron gave a delay time of 23.9 ms and EP8 

a silicon/bismuth trioxide composition gave a 

delay time of 21.8 ms. 

Safety tests performed on B3, B4 and EP3 

showed that all three compositions were 

acceptable. 

4. CONCLUSIONS 

Although the silicon/bismuth trioxide 

composition (EP8) performed satisfactorily, very 

little is known about its properties since it has not 

been used previously as a pyrotechnic filling. 

This composition would therefore be a high risk 

option.  

The dry blend of boron and barium chromate 

(EP3) also performed well in both the firing and 

safety tests. This composition had the advantage 

that it could be readily manufactured and the 

problem of ageing associated with boron based 

compositions could be overcome by storing the 

ingredients separately and manufactured when 

required.  

All four wet mixed Trona boron-barium 

chromate compositions performed well. Although 

B1 gave almost the correct delay time, it 

contained the least amount of boron and 

degradation of the boron is likely to have the 

greatest effect on the composition’s ability to 

sustain combustion. A single failure was also 

recorded for this composition during the firing 

trial. 

The composition containing nominally 8% boron 

(B4) was therefore selected for a series of real-

time and multi-temperature accelerated ageing 

trials in four different designs of initiator. 
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7. TABLES 

Table 1: Compositions Formulated 

Reference 

number 
Fuel Oxidant Mixing technique 

RD1365 10% TMT  boron 90% barium chromate Wet 

B1 6% Trona boron 94% barium chromate Wet 

B2 7% Trona boron 93% barium chromate Wet 

B3 7% Trona boron 93% barium chromate Wet 

B4 8% Trona boron 92% barium chromate Wet 

EP1 6% Trona boron 94% barium chromate Turbula 

EP2 7% Trona boron 93% barium chromate Turbula 

EP3 8% Trona boron 92% barium chromate Turbula 

EP4 32% niobium 68% copper oxide Turbula (10 g) 

EP5 30% silicon 70% barium chromate Turbula 

EP6 40% silicon 60% barium chromate Turbula 

EP7 50% silicon 50% barium chromate Turbula 

EP8 30% silicon 70% bismuth trioxide Turbula 

EP9 50% silicon 50% lead chromate Turbula 
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Table 2: Delay times 

Reference 

number 

Delay 

composition 

mass             

g 

Delay time (sd) 

ms 

No. of results 

used 
Failures 

RD1365 0.044 28.3 (1.2) 4 1 

B1 0.044 24.6 (1.6) 26 1 

B2 0.044 20.7 (1.1) 8 0 

B3 0.044 21.9 (2.4) 17 0 

B3 0.060 26.6 (1.5) 10 0 

B3 0.070 28.3 (2.2) 8 0 

B4 0.044 20.1 (2.3) 8 0 

B4 0.070 24.0 (2.6) 8 0 

EP1 0.070 58.1 (3.5) 10 0 

EP2 0.044 34.5 (3.2) 9 0 

EP3 0.044 23.9 (1.6) 19 0 

EP4 0.044 Variable 4 0 

EP5 0.044 Failed to function 0 3 

EP6 0.044 Variable 2 1 

EP7 0.044 126 (5.0) 2 1 

EP8 0.044 21.8 (3.6) 15 0 

EP9 0.044 Variable 3 0 
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8. FIGURES 

 

 

Figure 1: Initiator sub-assembly. 

 

Figure 2: Initiator assembly. 

 

Figure 3: Test assembly. 
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Figure 4: Typical pressure-time profile. 
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Abstract 

The ignition ability of double based propellant (DB) can be intensively enhanced as incendiary agent 

when ammonium perchlorate (AP) was added as oxidizer. When the content of AP in the DB/AP 

composites was 0, 16.7, 25, 50, 75 and 83.3%, the combustion enthalpy and length of the flame (FLs) 

of DB/AP were tested. Results show that the longest FLs appeared when the content of AP was 16.7%. 

The biggest combustion enthalpy of the composite appeared when the content of AP was 50% by 

automatic calorimeter. The ignition ability was tested by igniting jet-fuel with DB/AP incendiary 

device. Results show that the ignition ability mainly depending on the length of the flame. 

TG-DSC-MS experiments were taken to get more details of the decomposition reaction of DB, AP and 

DB/AP. 

1. Introduction 

Incendiary agents in incendiary weapons, incendiary devices or incendiary bombs are used to start 

fires or destroy sensitive equipment. The commonly used materials as incendiary agents are napalm, 

thermite, chlorine trifluoride and white phosphorus. In light of recent environmental concerns, there 

has been a growing appreciation for environmentally benign pyrotechnics which do not contain toxic 

chemical or heavy metals
[1]
. Thus, the usage of white phosphorus as incendiary agent is now going to 

be forbidden for itshighly toxic to human health
[2]
. Similarly, barium nitrate[Ba(NO3)2]is a noxious 

chemical cited for cardiotoxic and bronchoconstrictor effects
[3]
. Another growing interest in the area of 

pyrotechnics is to increase the energy density of the materials to achieve a better performance
[4]
.The 

applications of aluminum (Al), boron (B) and magnesium (Mg) should be widened for their high 

energy release as fuels. The combustion enthalpies for Al, B and Mg are31.1MJ·kg
-1
,58.7MJ·kg

-1
and 

24.7MJ·kg
-1
, respectively, higher than the monomolecular energetic materials

[5]
. Thermite with these 

fuels can really increase the energy of incendiary agents. However, the combustion reaction of thermite 

generates a lot of residues and the flame is often very small due to the condensed state products.  

Double based propellant (DB) is a widely used solid propellant, generally, consists of 

nitrocellulose (NC), nitroglycerine (NG), each containing oxygen and fuel in the same 

compound.Comparing to the traditional incendiary agent, DB would be a good incendiary agent with 



long flame and ignition ability since the combustion products of NC and NG are mainly gas, and also a 

faster burn rate. The oxygen balances (OB) for NC (C24H29N11O43) and NG(C3(OH3NO3)3) are 

separately -39.8% and 3.5%. Ammonium perchlorate (AP) would be added to DB as oxidizer since it 

produces more oxygen than NC and NG to get a higher combustion temperature at zero oxygen 

balance.  

We have studied the ignition ability of DB/APcomposite with different contents of AP in it. The 

DB used consists of 60% NC, 35% NG and 5% of other additives. The content of AP in the DB/AP is 

from 0% to 100%. The ignition ability was tested by igniting jet fuel in ambient temperature in the 

open air. The formation of DB with the best ignition ability would be chosen for further studies. 

Thermogravimetry(TG), Differential Scanning Calorimetry (DSC) and Mass Spectroscopy(MS) were 

used to study the mechanism of decomposition reactions of AP DB and DB/AP.  

2. Experiments 

DB pelletsused in this experiment were homemade supplied by another lab.The formulas of 

DB/AP composite are as following: 

Tab1 Contents of AP in DB/AP composites 

No 0 1 2 3 4 5 

AP(%) 0 16.7 25 50 75 83.3 

Note: No “0” is the pure DB sample. 

In a typical experiment, 16.5% of DB/AP, a suspension was prepared by dissolving 2.5g 

AP(YingKou Pengda Fine Chemicals Co., Ltd, China) and 12.5g DB in the mixture (volumetrically 1:1) 

of deionized water and acetone(99.98%). The suspension was then ultrasonically mixed for 10 min and 

magnetically stirred at room temperature for 2 hours to make it homogenous. The solvent was 

evaporatedin open air with an ordinary hair dryer. When the suspension changed into slurry, push 

theslurry over a mesh to make spherical particles. Dry the particles at 60℃ for two days. 
Combustion enthalpy of DB/AP composites were tested with automatic calorimeter 

experiments
[6]
(YX-ZR automatic calorimeter, China). 1g of DB/AP composites were pressed into a 

steel tube (diameter of 10mm) with the pressure of 312.5 MPa. DB/APsamples were ignited by a 

nichrome wire, and burn at a closed steel vessel with constant volume. The tests were repeated for three 

times for each DB/AP composite.  

Ignition ability tests were taken with pressing the DB/AP powders into a steel tube with 312.5MPa. 

Firstly, 0.4g DB/AP composite was pressed with pressure of 312.5MPa in the steel tube, and repeated 

this process for 0.4g of DB/AP, 0.1g black powder and 0.1g black powder. Igniters and black powders 

were used to ignite DB/AP composites shown as following: 



 

Fig1 Incendiary device:(1) Black powder;(2) black powder; (3) DB composite; (4) DB composite; 

(5)steel tube; (6) cavum; (7) igniter 

When connected to a pulse voltage, the igniter would ignite the black powder. The black powder 

would then light the DB/AP composite.  

Ignition ability of the DB/AP samples was taken by igniting jet fuel in the open air at ambient 

temperature with the incendiary device shown in fig1. The distance between the incendiary device and 

the jet fuel was set to be 15 cm and 12.5cm. The burn processes were recorded by a camera (Nikon 

7900). Same amount of jet-fuel was used in all the experiments. 

3. Results and discussion 

The combustion enthalpy (E) of DB/AP samples mainly depends on the oxygen balance(OB). OB 

of AP is 34.0%, at zero OB, the content of AP in DB/AP is 40% (ignore the influence of additives in 

the process of making DB pellets). Zero OB would achieve the highest combustion temperature and the 

biggest combustion enthalpy 
[7]
. Experimental results are shown as following: 

Tab2 Combustion enthalpy of DB/AP composite 

No m1/g E1/kJ/g m2/g E2/kJ/g m3/g E3/kJ/g /kJ/g 

0 1.03 4.68 1.03 4.56 1.01 4.51 4.58 

1 1.01 5.54 1.01 5.48 1.03 5.36 5.46 

2 0.89 5.85 0.91 5.87 0.93 5.83 5.85 

3 1.01 6.82 1.02 6.90 1.01 6.91 6.88 

4 1.01 5.93 1.01 6.12 1.01 6.04 6.03 

5 1.01 6.65 1.01 6.51 1.02 6.26 6.47 

 



 

Fig2The combustion enthalpy of DB/AP 

When the content of AP was 50%, the combustion enthalpy of DB/AP composite is the biggest. 

It’s close to the OB of DB/AP composite. So the biggest combustion enthalpy of DB/AP is 6.88kJ/g in 

this experiment.  

The ignition ability of the incendiary agent depends on the length of the flame (FLs) and the 

combustion enthalpy (E). The flames of the DB/AP samples are shown as following： 

 

Fig3 Flames of the DB/AP composite 

FLs of the samples can be obtained from fig3 as following:  

Tab3 FLs of the DB/AP composites 

No 0 1 2 3 4 5 



FLs(mm) 70 220 190 155 70 55 

FLs tests show that the DB/AP composite with 16.7% of AP had the longest FLs. The FLs of pure 

DB was only 70mm. FLs of the samples become shorter with the increase of the AP in the DB/AP 

samples. It would be expected that the ignition ability of the DB/AP samples with longer FLs would be 

better. So we only tested the ignition ability of sample 1#, 2# and 3#. Results are shown as following: 

 

Fig4 Ignition process of jet-fuel by DB/AP, H1=15cm, H2=12.5cm 

When the distance was 12.5cm, 1
#，2# and 3# DB/AP could successfully ignited the jet-fuel. The 

contents of AP in 1
#
, 2

#
 and 3

#
are 16.7, 25, and 50%. From this, it’s obvious that the ignition ability of 

DB/AP mainly depends on FLs. When the distance was 15cm, only 1
#
 DB/AP could ignite the jet-fuel. 

All the other DB/AP composites failed to ignite the jet-fuel. The FLs of 2
#
 and 3

#
 were longer than the 

distance, however, still failed of ignition.  

TG-DSC-MS experiments on AP, DB and DB/AP had been taken to get more details of the 

reaction, which was performed in pure nitrogen with NETZSCH STA449C (TG-DSC-MS). 1±0.1mg 

sample was placed in alumina crucibles in the experiment. High-purity nitrogen gas was used as purge 

gas with a flow rate of 20ml/min. The heating rate was 10K/min, and the temperature range was from 

30°C to 500°C.Results are shown as following: 



 

Fig5 TG-DSC-MS, (a) TG-DSC of DB, AP and DB/AP; (b) MS of DB/AP (3#); MS of DB;(d)MS 

ofAP 

Fig5 shows some thermal analysis results of DB, AP and DB/AP composites. TG results show that 

all the products of the thermal decomposition of DB, AP and DB/AP were gas products. Weight loss of 

all the reactions was 100% for the decomposition reactions. Soone of the advantages for DB/AP as 

incendiary agent would be fewer residues.  

The gaseous products could be distinguished by the MS results. For the decomposition of DB, the 

gas products were mainly NH3
+
, H2O, CO,CHO

+
 and CO2; for the decomposition of AP, the gas 

products were mainly NH2
+
, NH3

+
, H2O, NO, O2 and N2O; for the decomposition of DB/AP, the gas 

products were mainly NH2
+
, NH3

+
, H2O, CHO

+
, NO, O2, the products with m/z=28 could be N2 or CO, 

the products with m/z=44 could be N2O or CO2.Comparing to DB/AP/Al composite, DB/AP composite 

generated longer FLs, this should be due to its more gaseous products. Theseare close to the previous 

work
[8]
. 

The onset temperature of the decomposition reactions gives a general idea of the thermal 

stabilization of the materials
[8]
. With the increase of the content of AP in DB/AP composite, the onset 

temperature of the decomposition reaction became higher. It indicated the better thermal stabilization 

of DB/AP composite with more AP in it.  

4. Conclusions 

(1) DB/AP composite would be a good incendiary agent for its long flame and high combustion 

enthalpy.  

(2) The ignition ability of incendiary agent mainly depends on the length of the flame instead of the 

combustion enthalpy when ignite a fluid fuel.  

(3) Thermal stabilization of DB/AP would be better when the composite contains more AP. TG-DSC 

results show a higher onset temperature of the thermal decomposition reaction. 
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ABSTRACT 

A fire inside a pyrotechnics magazine can cause the 

more or less simultaneous initiation of the stored 

articles, with the wave of shock that is produced 

promoted by the pressure of the gases generated in its 

interior. 

The purpose of this study, carried out by the LOM, 

consists of establishing the possible measures of 

prevention and protection for the pyrotechnic 

magazines in order to reduce the explosion risk, as a 

result of a fire inside. 

We initially carried out an analysis of the risk of 

explosion and fire consequences in a pyrotechnic 

magazine, testing to real scale. The results were 

catastrophic. Finally, and in order to minimize the 

possibility of a fire inside a pyrotechnic magazine, we 

evaluated different systems of detection and automatic 

extinction of fires in pyrotechnic magazines, testing to 

real scale. 

1. INTRODUCTION 

The main effects of an explosion of a pyrotechnic 

magazine are the fragmentation and material 

projections due to the pressure wave caused by the 

explosion of fireworks. 

The overpressure inside the magazine is due to the 

shock wave and gas pressure generated. Inside the 

magazines, the shock wave is reflected by the 

structure, causing very high pressure peaks. By other 

hand, the static pressure due to the gases generated by 

the pyrotechnic initiation is also too high, due to the 

absence in most cases of pressure spillways. This 

pressure increases the rate of combustion of 

pyrotechnic substances, promoting simultaneous 

initiation or mass explosion of the pyrotechnic 

articles. 

Additionally, many pyrotechnics magazine have no 

structures reinforced enough to withstand a shock 

wave due to an explosion inside. 

2. OBJECTIVES 

To reduce the risk of explosion is necessary to act on 

one or both of the factors that define it (probability 

and consequences), reducing or minimizing the 

possibility of an internal explosion and/or reducing or 

minimizing material projections due to an internal 

explosion. 

In order to analyze the risk of explosion inside a 

pyrotechnics magazine, and propose some preventive 

measures, the LOM developed the present study, 

which was conducted in the following phases: 

· Phase 1. Evaluation of the pressure generated 

by the pyrotechnic explosion in a magazine. 

· Phase 2. Evaluation the effect of a FIRE in a 

pyrotechnic magazine. 

· Phase 3. Analysis and evaluation of detection 

systems of detection and automatic extinction 

of fires in pyrotechnic magazines. 

3. PHASE 1. EVALUATION OF THE 

OVERPRESSURE IN PYROTECHNIC 

MAGAZINES 

3.1 Objective 

Analysis of the pressure generated by the explosion 

caused by simultaneous initiation of pyrotechnic 

articles based on "flash" or "explosive" substances 

inside a closed container. 
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This information would be able to design and develop 

structures capable of absorbing the dynamic pressures, 

depending on the charge and volume, among other 

factors, and to determine the maximum charge density 

(kg/m
3
) for a particular magazine. 

3.2 Analysis and conclusions 

Experimental tests were carried out on a reinforced 

concrete building of thickness 0.4 m, consisting of 

simultaneous initiation of "flash banger of 3 g (flash 

composition)" through electric matches. The measured 

variable was the maximum pressure in its walls. 

Pyrotechnic charges were tested in order to establish 

the relationship between the overpressure recorded in 

the wall of the structure and the charge density 

(kg/m
3
), establishing a mathematical model that 

simulates the behaviour of the simultaneous explosion 

for the container used. 

This relationship (pressure-charge density) depends on 

the geometry of the magazine and the distance 

between charge and walls. For the specific tests  the 

following relationship was obtained:  

 

7077,0

V

Q
4238,6 








=P       [1] 

where: 

· P = reflected pressure (kPa). 

· Q = net explosive content (kg). 

· V = volume of the magazine (m
3
). 

If we know the maximum pressure that a magazine 

can withstand, we can calculate the maximum charge 

density (kg/m
3
) to prevent its collapse in case of mass 

explosion. 

4. PHASE 2. EVALUATION OF A FIRE IN A 

PYROTECHNIC MAGAZINE 

4.1 Objective 

Evaluate the structure of the pyrotechnic magazines, 

from the point of view of resistance to explosion, by 

analyzing the consequences of a fire inside with 50 kg 

net of fireworks articles. 

4.2 Development 

We built a magazine with a brick structure, with steel 

columns and beams IPN 120. It has a cubic shape 

(Fig. 1) with walls of approximately 3 m and an 

internal volume of 27 m
3
.The walls have a fire 

resistance RF120 and the door RF60.  

We located 50 kg net of pyrotechnic articles (category 

3) inside the magazine: rockets, bangers, batteries, 

sells 50 mm and fountains (pyrotechnic content: 33.04 

kg, explosive content: 15.68 kg), which were placed 

on a metal shelf (grid type) located in two walls of the 

magazine (Fig. 2).  

 

Figure 1: Magazine designed to fire incide test 

 

Cajas Vacías

 

Cajas Vacías

 

Figure 2: Pyrotechnics articles in the magazine 

The fire inside the magazine was caused by the 

initiation of a "fountain" of category 3 (only 

pyrotechnic composition). We thought these products 

increase the risk of fire inside the magazine.  

We placed some temperature and pressure dynamic 

and static sensors on the walls and door of the 

magazine. 

4.3 Results 

In approximately 15 s there was a strong explosion 

that caused the destruction of the magazine (Fig. 3).  

The door was the first element destroyed. The 

structure fragments were projected up to 200 m. 
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Figure 3: Status of the magazine after the 

explosion. 

As a result of the rapid explosion, there were no 

measures of temperature or static pressure of the 

gases, due to saturation and destruction of the 

corresponding sensors. 

We only registered high peak dynamic pressure in a 

very short time (4 ms), what indicative the existence 

of mass explosion. 

5. PHASE 3. SYSTEMS OF DETECTION AND 

AUTOMATIC EXTINCTION OF FIRES IN 

PYROTECHNIC MAGAZINES 

5.1 Objective 

In case of fire inside a pyrotechnic magazine, the 

consequences should be catastrophic, due to possible 

explosion and consequent collapse, fragmentation and 

projection of the structure of the magazine.  

If we limit the maximum charge to decrease the 

severity of the consequences in case of accident, it 

would be too low and unviable. Therefore It is 

necessary reduce or minimize the probability of a fire 

inside the magazine. For that, we analysis different 

systems of detection and automatic extinction of fires 

in pyrotechnic magazines 

5.2 Development 

We carried out several tests to real scale with different 

systems of detection and automatic extinction of fires 

in a pyrotechnic magazine. We analyzed two 

possibilities:  

i) Pyrotechnic fire: fire caused by pyrotechnic 
articles in the magazine (this test simulates for 

example the possibility of accidental initiation of a 

pyrotechnic article). 

ii) Packaging fire: fire originated in the pyrotechnic 
packaging (this test simulates an external fire). 

We used “fountains”, categories 2 and 3. 

The building used for “pyrotechnic magazine” in these 

tests had metal structure (Fig. 4), and dimensions 2.30 

m x 2.44 m x 4 m (height, width, length).  

 

 

Figure 4: Building used for fire testing. 

The systems of fire detection tested were the 

following: 

· Smoke with aspiration. 

· Convencional smoke (ionic and optical). 

· Infrared. 

· Thermal. 

The systems of automatic extinction tested were the 

following: 

· Water spray. 

· Gas HFC-227EA. 

· CO2. 

· Powder. 

· Water. 

· Foam. 

· Pyrotechnic Extinguisher. 

 

We recorded the temperature evolution during the test 

at different points of the magazine. 

5.3 Results 

Aspirated smoke detection and water spray (Fig. 5 and 
6)  

Effective to extinguish an external fire in pyrotechnic 

packaging.  

High cooling of the pyrotechnic articles, preventing 

the propagation of fire to the next articles and 

packaging in the magazine.  

Minimal deterioration of the material once the fire was 

extinguished.  

The system's size (number of bottles of water) is 

essential to prevent the re-ignition of the fire.  

There is not any electrical equipment inside the 

magazine. 
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Figure 5: Aspirated smoke detection and water 

spray (inside view). 

 

Figure 6: Aspirated smoke detection and water 

spray (outside view). 

Convencional smoke detection and CO2 

Insufficient cooling to prevent the propagation of fire 

to the next articles and packaging in the magazine 

(Fig. 7). 

Effective to extinguish an external fire in pyrotechnic 

packaging.  

Gas toxicity, so it is not indicated in those places 

where there is a permanent presence of people.  

There is some electrical equipment inside the 

magazine (detector and power conductors). 

Fast detection, although lower than the aspirated 

smoke detection. 

 

 

Figure 7: Propagation of the fire alter unloading of 

CO2. 

Conventional smoke detection and HFC-227EA gas 

Same results as the CO2. 

It is not a toxic gas, so it can be used in the presence 

of people.  

Conventional smoke detection and water 

Effective to extinguish an external fire in pyrotechnic 

packaging.  

High cooling of the pyrotechnic articles, preventing 

the propagation of fire to the next articles and 

packaging in the magazine.  

It can be connect to the water supply network. 

The cooling power is higher than other agents. 

The "flood" prevents the reignition of fire.  

Fast detection, although lower than the aspirated 

smoke detection. 

There is some electrical equipment inside the 

magazine (detector and power conductors). 

Significant deterioration of the material once the fire 

was extinguished.  

Conventional smoke detection and foam 

Same results as the water. 

Conventional smoke detection and ABC powder (Fig. 

8) 

Insufficient cooling to prevent the propagation of fire 

to the next articles and packaging in the magazine 

(Fig. 9). 

Effective to extinguish an external fire in pyrotechnic 

packaging.  

Significant deterioration of the material once the fire 

was extinguished. 
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Dusty environment inside the magazine, as a result of 

the discharge of powder. 

There is some electrical equipment inside the 

magazine (detector and power conductors). 

 

Figure 8: ABC powder extinguishing system 

 

Figure 9: Propagation of the fire alter unloading of 

ABC powder. 

Conventional smoke detection and pyrotechnic 

extinguisher 

Effective to extinguish an external fire in pyrotechnic 

packaging.  

High cooling of the pyrotechnic articles, preventing 

the propagation of fire to the next articles and 

packaging in the magazine, but it depends on the 

number of extinguishers in the magazine. 

Important deterioration of the material. 

The placement of fire extinguishers close to the 

internal walls of the magazine, can damage the 

structure, due to the explosion of the extinguisher 

system. 

There is some electrical equipment inside the 

magazine (detector and power conductors). 

6. CONCLUSIONS 

The more or less simultaneous initiation of some 

pyrotechnics articles inside a magazine may cause a 

explosion a rupture of the structure, due to the 

reflected pressure in the walls and the static pressure 

of the gases generated. 

If the pyrotechnic articles are near the walls, the 

pressure on these walls will be higher (in case of 

simultaneous explosion), and therefore the greater the 

consequences will be greater too, in case of explosion. 

A fire inside a pyrotechnic magazine causes an 

increase of the internal pressure (gases), and 

consequently a considerable increase in the rate of 

combustion, favoring the simultaneous initiation.  

The articles type "fountains" cause a certain amount of 

flame or fire, depending on its pyrotechnic 

composition, causing an increase in the probability of 

propagation of fire to the next articles and packaging 

in the magazine. 

It is very difficult to extinguish a pyrotechnic fire 

(pyrotechnic mixtures have their own oxidizer in its 

composition), so we must try to prevent its 

propagation to the next packaging and articles, with  a 

fast detection and automatic extinguishing, with an 

agent with high cooling capacity. 

The extinguishing system recommended for its high 

cooling capacity, is the water or foam, as they can 

extinguish the fire and avoid the propagation to the 

next articles in the magazine. By other hand, the gas and 

powder system as tested, have an insufficient capacity 

to prevent the propagation of the pyrotechnic fire 

inside the magazine. 

Regarding the detection system, we recommend using 

smoke detectors, and better with aspiration, because 

they are faster than other types. At the beginning of 

the initiation of a pyrotechnic article with fuse, there is 

a certain amount of smoke before the fire or flame. 

Infrared, thermal and flame detectors are not 

advisable, because they are slower. 
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ABSTRACT 

The replacement of environmentally critical and toxic 

compounds is of high importance. Especially the 

replacement of barium compounds in green-light 

emitting pyrotechnics by less toxic boron-containing 

compounds is desirable. Therefore the development of 

nitrogen-rich azole borates is of interest. The 

syntheses and characterization of several azole borates 

are presented. In addition, promising pyrotechnic 

formulations containing boron compounds as 

colorants has been investigated.  

1. INTRODUCTION  

Novel developments in pyrotechnics focus on the 

application of environmentally more benign 

compounds. Main objectives are the substitution of 

toxic perchlorates and heavy metals like barium as 

well as to reduce the smoke production of the 

pyrotechnic composition. Therefore, new coloring 

agents should possess a lower toxicity as well as 

nontoxic combustion products while at the same time 

offering at least comparable or even better color 

performance and combustion behaviour than currently 

used compounds. 

Nitrogen-rich heterocycles are very promising 

candidates in the development of environmentally 

friendly high-energy-density materials. In contrast to 

conventional energetic materials, nitrogen-rich 

compounds do not gain their energy from oxidation of 

a carbon backbone or a fuel, but rather from high heats 

of formation due to their large number of inherently 

energetic N-N and C-N bonds (Hiskey et al 2000). 

Furthermore, they combine several advantages, such 

as high flame temperatures and the formation of 

mostly gaseous products, which is important for a 

smokeless combustion (Klapötke et al 2010). 

Taking these advantages into account, nitrogen-rich 

azole borate compounds are promising barium 

substitutes and therefore worthwhile targets for the 

development of new coloring agents. Several boron 

compounds like elemental boron, boric acid, boron 

esters (Blunt and Keitel 1969) and boron carbide have 

been investigated as coloring agents in green-light-

emitting pyrotechnic compositions (Sabatini et al 

2011). But these boron compounds have in common 

that they do not possess any energetic character. 

Especially with regard to the formation of highly 

efficient colourful pyrotechnics, it is of interest to 

combine the energetic properties with the coloring 

agent in the same molecule. To date, a number of 

different energetic boron compounds were 

investigated such as boron azides and boron esters for 

example (Wiberg et al 1954, Paetzold 1987 and 

Guibert and Marshall 1966). The disadvantage of 

these compounds is the sensitivity towards chemical 

and physical stimulations. More stable and less 

sensitive boron-containing compounds are azole 

borate salts. Various azole borates haven been 

reported in literature: there are four classes of 

azolylborates, referring to their grade of substitution – 

trihydro(azolyl)borates, dihydrobis(azolyl)borates, 

hydrotris(azolyl)borates and tetrakis(azolyl)borates. 

Among the different classes of B-N bound azoles, the 

group of pyrazoles and 1,2,4-triazoles show the 

greatest variety (Trofimenko et al 1999, Shreeve et al 

2007, Gioia et al 1991 and Pellei et al 2005). But also 

azole borates based on tetrazole have been 

investigated (Groshens 2010, Janiak et al 1993 and 

Winter and Lu 2010). In this work, nitrogen-rich 

borates based on 3-nitro-1,2,4-triazole and 3,5-

dinitropyrazole are investigated as colorants in 

pyrotechnic mixtures.  

2. SYNTHESIS 

In the following the synthesis of a series of nitrogen-

rich azole borate salts is reported. Salts of 

dihydrobis(3,5-dinitropyrazol-1-yl)borate and di-

hydrobis-(3-nitro-1,2,4-triazol-1-yl)borate as well as 

the potassium salt of tetrakis(3-nitro-1,2,4-triazol-1-

yl) have been synthesised and characterized. 

2.1. Dihydrobis(3,5-dinitropyrazol-1-yl)borate Salts 

In order to obtain metal free dihydrobis(3,5-

dinitropyrazol-1-yl)borate salts, the starting material is 

the corresponding potassium salt. In the first step of 

the synthesis potassium dihydrobis(3,5-dinitropyrazol-

1-yl)borate was synthesized by reacting KBH4 with 

two equivalents of 3,5-dinitropyrazole in benzonitrile 

at elevated temperatures. The second synthesis step is 

the generation of the corresponding barium salt by the 

reaction of the potassium salt with barium perchlorate 
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in methanol at room temperature. The metal-free salts 

guanidinium (G_H2B(DNP)2 1)-, aminoguanidinium 

(AG_H2B(DNP)2 2)-, diaminoguanidinium 

(DAG_H2B(DNP)2 3)-, N-guanylurea 

(NGU_H2B(DNP)2 4)- and 5-aminotetrazolium 

dihydrobis(3,5-dinitropyrazol-1-yl)borate (5-

At_H2B(DNP)2 5) were synthesized by mixing the 

barium salt with the nitrogen-rich sulfates (Figure 1) 

in methanol at room temperature. All compounds 

crystallize water-free. 

 

 

Figure 1: Syntheses of dihydrobis(3,5-

dinitropyrazol-1-yl)borate salts. 

All compounds have been fully characterized using 
1
H, 

13
C and 

11
B NMR spectroscopy as well as mass 

spectrometry, elemental analysis and vibrational 

spectroscopy. 

2.2.Dihydrobis(3-nitro-1,2,4-triazol-1-yl)borate  

Salts 

The synthesis of potassium dihydrobis(3-nitro-1,2,4-

triazolyl)borate was performed according to literature 

(Pellei et al 2005) reacting potassium borohydride 

with 3-nitro-1,2,4-triazole in a molar ratio of 1:2 in 

dimethylacetamide at high temperatures. Then the 

corresponding barium salt was synthesized by mixing 

the potassium salt with barium perchlorate in water at 

room temperature. In the last step all nitrogen-rich 

dihydrobis(3-nitro-1,2,4-triazol-1-yl)borate salts were 

obtained by the reaction of the barium salt with the 

corresponding sulfates using water and methanol as 

solvents. The obtained metal-free borate salts are 

ammonium (NH4_H2B(3-NTr)2 6)-, 

aminoguanidiunium (AG_ H2B(3-NTr)2 7)-, 

diaminoguanidinium (DAG_ H2B(3-NTr)2 8)-, N-

guanylurea (NGU_H2B(3-NTr)2 9)-, 5-

aminotetrazolium (5-At_H2B(3-NTr)2 10)-, 

dimethylguanidinium (DMG_H2B(3-NTr)2 11)-, 

hydroxylammonium (NH3OH_H2B(3-NTr)2 12) and 

hydrazinium dihydrobis(3-nitro-1,2,4-triazol-1-

yl)borate (N2H5_H2B(3-NTr)2 13) (Figure 2).The 

ammonium salt crystallizes as a dihydrate, the N-

guanylurea salt as  a trihydrate, the 5-

aminotetrazolium salt as a dihydrate, the 

dimethylguanidiunium salt as a monohydrate and the 

hydroxylammonium salt as a monohydrate. 

  

 

Figure 2: Syntheses of dihydrobis(3-nitro-1,2,4-

triazol-1-yl)borate salts. 

All compounds have been fully characterized using 
1
H, 

13
C and 

11
B NMR spectroscopy as well as mass 

spectrometry, elemental analysis and vibrational 

spectroscopy. 

2.3. Four-fold coordinated borate – Potassium 

tetrakis(3-nitro-1,2,4-triazol-1-yl)borate 

Potassium tetrakis(3-nitro-1,2,4-triazol-1-yl)borate 

(14)  was synthesized by reacting potassium 

borohydride and 3-nitro-1,2,4-triazole with a molar 

ratio of 1:4 in diglyme at high temperature (Figure 3). 
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Figure 3: Synthesis of potassium tetrakis(3-nitro-

1,2,4-triazol-1-yl)borate. 

Compound 14 was characterized using 
1
H, 

13
C and 

11
B 

NMR spectroscopy and elemental analysis. The 

measured 
11
B NMR shift in DMSO-d

6
 can be observed 

at -3.8 ppm. In addition the 
11
B NMR shift was 

calculated in order to compare the experimentally 

measured value with the theoretically calculated value. 

The isotropic magnetic shielding was computed using 

the GIAO (Gauge-Independent Atomic Orbital) 

method implemented in G03 (Frisch et al and 

Wolinski et al 1990). The structures were fully 

optimized and the frequencies calculated (NIMAG = 

0) at MPW1PW91/aug-cc-pVDZ level of theory, 

Subsequently, the NMR shielding tensors were 

calculated at the same level of theory using the GIAO 

method
[2]
.  Table 1 summarizes the computed isotropic 

magnetic shieldings and relative 
11
B NMR chemical 

shifts (ppm) referenced to BF3
.
Et2O.   

Table 1: 
11

B NMR chemical shift calculation. 

 

3. THERMAL AND ENERGETIC PROPERTIES 

Melting and decomposition points were measured 

with a Linseis PT10 DSC using heating rates of 5 °C 

min
-1
, which were checked with a Büchi Melting Point 

B-450 apparatus. The sensitivity data were performed 

using BAM methods. The following tables indicate 

the results obtained from submitting the compounds to 

shock and friction stimuli as well as to electrostatic 

discharge (ESD). Furthermore, the decomposition 

(Tdec) temperatures are listed below (Tables 2-3). 

All dihydrobis(3,5-dinitropyrazol-1-yl)borate salts 

show high decomposition temperatures ranking from 

231 to 353 °C. All salts except the aminoguanidinium- 

and diaminoguanidinium dihydrobis(3,5-

dinitropyrazol-1-yl)borates are insensitive towards 

shock and all salts are friction insensitive (Table 2). 

Table 2: Thermal and energetic properties of 

dihydrobis(3,5-dinitropyrazol-1-yl)borates 

salts. 

 
Impacta 

[J] 
Frictiona 

[N] 

grain 

size 

[µm] 

Tdec 

(onset)b
 

[°C] 

G_H2B(DNP)2 >40 >360 <100 311 

AG_H2B(DNP)2 8 >360 <100 346 

DAG_H2B(DNP)2 20 >360 100-500 231 

NGU_H2B(DNP)2 >40 >360 <100 353 

5-At_H2B(DNP)2 >40 >360 100-500 345 

aBAM standards, method 1 of 6, bDSC heating rate 5 °/min 

The decomposition temperatures of dihydrobis(3-

nitro-1,2,4-triazol-1-yl)borate salts are summarized in 

table 3 and are in the range of 136 to 236 °C. All salts 

are not or less sensitive towards friction. Impact 

sensitive are only the 5-aminotetrazolium and 

hydroxylammonium salts, both show a value of 10 J. 

All other salts can be classified as insensitive (Table 

3). 

Table 3: Thermal and energetic properties of 

dihydrobis(3-nitro-1,2,4-triazol-1-yl)borates 

salts. 

 
Impacta 

[J] 

Frictiona 

[N] 

grain 

size 

[µm] 

Tdec 

(onset)b
 

[°C] 

NH4_H2B(3-NTr)2 40 360 100-500 209 

AG_H2B(3-NTr)2 >40 360 100-500 221 

NGU_H2B(3-NTr)2 >40 >360 100-500 225 

5-At_H2B(3-NTr)2 10 288 100-500 136 

DMG_H2B(3-NTr)2 >40 >360 <100 236 

NH3OH_H2B(3-NTr)2 10 >360 100-500 152 

N2H5_H2B(3-NTr)2 >40 360 100-500 143 
aBAM standards, method 1 of 6, bDSC heating rate 5 °/min 

The decomposition temperature and the impact and 

friction sensitivities of compound 14 were measured 

as well. With an impact sensitivity of >40 J and a 

friction sensitivity of >360 N compound 14 can be 

classified as insensitive. Compound 14 shows a high 

decomposition temperature of 303 °C. 

3. PYROTECHNIC FORMULATIONS 

In order to replace toxic and environmentally 

hazardous formulations containing barium nitrate as 

green-burning coloring agent, investigations on boron-

containing colorants were performed. Several 

pyrotechnic formulations containing the compounds 1, 

2, 3, 4 and 7 as green coloring agent were investigated 

and compared to the US Army´s in-service green 

(M125A1 Ba-control) burning compositions (Table 4). 

The pyrotechnical compositions were prepared by 

mixing all substances, except the binder, in a mortar. 

 
-E/ a.u. NIMAG 

p.g
. 

δ 11B / 
ppm, 

calcd. 
isotr. 

shielding 

δ 11B / 
ppm, 

calcd. 
(ref. to 

BF3
.Et2O) 

14 1809.431116 0 S4 113.6 -3.6 
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Then the binder, a solution of 25 % vinyl alcohol 

acetate resin (VAAR), was added. The mixtures of 0.6 

g each were formed by hand and dried under high 

vacuum for three hours. The controlled burn down 

was filmed with a digital video camera recorder 

(SONY, DCR-HC37E). The performance of each 

composition has been evaluated with respect to color 

emission, smoke generation and the amount of solid 

residues. Spectrometric measurements were performed 

using a HR2000+ES spectrometer with an ILX511B 

linear silicon CCD-array detector and included 

software from OCEAN OPTICS with a detector-sample 

distance of 1 meter. The dominant wavelength and 

spectral purity was measured based on the 1931 CIE 

method using illuminant C as the white reference 

point. 5 samples were measured for each formulation 

and all given values are averaged based on the full 

burn of the mixture. Amorphous boron was used as 

fuel and green coloring agent. Ammonium dinitramide 

(ADN), Ammonium nitrate and magnesium were used 

as oxidizer and fuel, respectively. In the tables 4-10 

the content of the compositions (mass percent) is 

summarized. 

The used barium control formulation containing 

barium nitrate as oxidizer and green colorant is shown 

in table 4. 

Table 4: US Army composition M125 A1. 

 
Ba(NO

3
)

2
 

[wt%] 

Mg  

[wt%] 
PVC 

[wt%] 
VAAR   

[wt%] 

Ba-control 46 33 16 5 

 

In Table 5 the compositions of the formulations 

containing compound 1 as colorant are shown.  

Table 5: Pyrotechnic compositions containing 

compound 1 as coloring agent. 

 
1 

[wt%] 
ADN  

[wt%] 
NH4NO3 

[wt%] 
B  

[wt%] 
Mg  

[wt%] 
VAAR  

[wt%] 

GBDNP_1 25 50 - 9 9 7 

GBDNP_2 25 50 - - 18 7 

GBDNP_3 25 - 50 - 18 7 

 

All three formulations GBDNP_1, GBDNP_2 and 

GBDNP_3 burned smokeless with an intense green 

flame color (Figure 4). While GBDNP_1 showed no 

residues, after the burn down of GBDNP_2 and 

GBDNP_3 no residues remained. 

 

 

 

Figure 4: Burn down of formulations GBDNP_1 

(left), GBDNP_2 (middle) and GBDNP_3 

(right). 

Compositions containing compound 2 as green 

colorant are shown in Table 6. 

Table 6: Pyrotechnic compositions containing 

compound 1 as coloring agent. 

 
2 

[wt%] 

ADN  

[wt%] 

B  

[wt%] 

Mg 

 [wt%] 

VAAR  

 [wt%] 

AGBDNP_1 25 50 9 9 7 

AGBDNP_2 30 50 9 4 7 

 

Both formulations burned smokeless with an intense 

green flame color and no residues were observable 

(Figure 5). 

 

 

 

 

Figure 5: Burn down of formulations AGBDNP_1 

(left) and AGBDNP_2 (right). 

The Tables 7 and 8 show the compositions of the 

formulations containing compounds 3 and 4 as green 

colorants. 

Table 7: Pyrotechnic compositions containing 

compound 3 as coloring agent. 

 
3 

[wt%] 
ADN  

[wt%] 
B  

[wt%] 
VAAR  

 [wt%] 

DAGBDNP 30 50 13 7 

 

Table 8: Pyrotechnic compositions containing 

compound 4 as coloring agent. 

 
4 

[wt%] 
ADN  

[wt%] 
B  

[wt%] 
Mg 

[wt%] 

VAAR  

 [wt%] 

NGUBDNP 25 55 10 3 7 

 

Both formulations burned smokeless with an intense 

green flame color and no residues remained (Figure 

6). 
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Figure 6: Burn down of formulations DAGBDNP 

(left) and NGUBDNP (right). 

Among the dihydrobis(3-nitro-1,2,4-triazol-1-

yl)borates compound 7 was investigated as coloring 

agent. Three formulations with different compositions 

were tested as shown in Table 9. 

Table 9: Pyrotechnic compositions containing 

compound 7 as coloring agent. 

 
7 

[wt%] 

ADN 

[wt%] 

B  

[wt%] 

Mg 

[wt%] 

VAAR  

[wt%] 

AGBNTr_1 34 60 - - 6 

AGBNTr_2 29 60 5 - 6 

AGBNTr_3 25 50 9 9 7 

 

All three formulations burned smokeless with a green 

flame color and no residues were observable (Figure 

7). 

 

 

 

 

Figure 7: Burn down of formulations AGBNTr_1 

(left), AGBNTr _2 (middle) and AGBNTr _3 

(right). 

Additionally, formulations containing amorphous 

boron as colorant and fuel were also investigated. In 

Table 10 the content of the compositions is 

summarized. 

Table 10: Pyrotechnic compositions containing 

amorphous boron as coloring agent. 

 
B 

[wt%] 
ADN 

[wt%] 
Mg  

[wt%] 
VAAR  

[wt%] 

B_1 18 75 - 7 

B_2 13 80 - 7 

B_3 18 58 17 7 

 

As can be seen from Figure 8 all three formulations 

burned with an intense green flame color. 

Composition B_1 produced some smoke and some 

residues remained. Composition B_2 burned 

smokeless, but less residues were observable. 

Formulation B_3 showed less smoke and no residues 

remained. 

 

 

 

Figure 8: Burn down of formulations B_1 (left), 

B_2 (middle) and B_3 (right). 

From spectrometrical measurements the dominant 

wavelengths (Dw), spectral purities (Sp) and luminous 

intensities (LI) as well as burn times – referring to 0.6 

g samples – were obtained and are summarized in the 

following Tables 11-17. Also the impact and friction 

sensitivities and the decomposition temperature of the 

formulations are given (Tables 12-17). 

The GBDNP formulations of 0.6 g each show burning 

times from 1 to 9 s, while GBDNP_1 burns very fast 

formulations GBDNP_3 shows a long burning time 

compared to those of the barium control with a 

burning time of 3 s (Table 11). Compositions 

AGBDNP_1, AGBDNP_2, DAGBDNP and 

NGUBDNP show burning times 1-2 s and are in the 

range of the barium control. The spectral purities of 

the GBDNP and AGBDNP formulations (Table 13) 

are in the range of 65 % to 71 % and are slightly lower 

than that of the barium control with 75 % (Table 11). 

The AGBDNP compositions show higher spectral 

purities than the GBDNP formulations. Compositions 

GBDNP_1 and GBDNP_2 using ADN as oxidizer 

reveal higher luminous intensities than GBDNP_3 

with NH4NO3 as oxidizer. The luminous intensity of 

formulation GBDNP_2 exceeds that of the barium 

control. Both compositions DAGBDNP and 

NGUBDNP show with 51 % and 55 % lower spectral 

purities as well as lower luminous intensities 

compared to the barium control and the other 

formulations. 

 Table 11: Performance of the barium control. 

 
burn time 

[s] 
Dw 

[nm] 
Sp 

[%] 
LI 

[cd] 

Ba-control 3 558 75 4.35·10
-3

 

 

Table 12: Thermal and energetic properties of the 

barium control. 

 Impact
a 

[J] 
Friction

a

 

[N] 

grain size 

[µm] 

T
dec
 

[°C] 

Ba-control 15 360 < 100 258 

Tdec = decomposition temperature (DSC onset), 
aBAM standards, 

method 1 of 6 

Table 13: Performance of formulations containing 

compounds 1, 2, 3 and 4 as colorants. 

 
burn time 

[s] 
Dw 

[nm] 
Sp 

[%] 
LI 

[cd] 

GBDNP_1 1 554 65 3.69·10
-3

 

GBDNP_2 4 571 68 8.76·10
-3

 

GBDNP_3 9 556 70 5.03·10
-4
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AGBDNP_1 1 560 72 9.35·10
-4

 

AGBDNP_2 2 555 71 5.52·10
-3

 

DAGBDNP 2 559 51 4.23·10
-4

 

NGUBDNP 2 557 55 2.13·10
-3

 

 

Due to the oxidizer ADN in the formulations, the 

decomposition temperatures going from 180 °C to 189 

°C (Table 14) are all lower than that of the barium 

control of 258 °C (Table 12). Only GBDNP_3 possess 

a high decomposition temperature of 278 °C, due to 

NH4NO3 used as oxidizer. Except the formulations 

GBDNP_1 and AGBDNP_2, which are impact 

sensitive, all other compositions are not impact 

sensitive. Regarding the friction sensitivity, only 

GBDNP_1 is less friction sensitive. The other 

formulations are not friction sensitive (Table 14). 

Table 14: Thermal and energetic properties of 

formulations containing compounds 1, 2, 3 

and 4 as colorants. 

 Impact
a 

[J] 
Friction

a

 

[N] 

grain size 

[µm] 
T

dec
 [°C] 

GBDNP_1 5 324 < 100 189 

GBDNP_2 40 360 < 100 180 

GBDNP_3 40 360 < 100 278 

AGBDNP_1 40 360 < 100 185 

AGBDNP_2 30 360 < 100 183 

Tdec = decomposition temperature (DSC onset), 
aBAM standards, 

method 1 of 6 

The formulations AGBNTr_1, AGBNTr_2 and 

AGBNTr_3 with burning times of 3-4 s show slightly 

lower spectral purities than the barium control as well 

(Table 15). The luminous intensity of AGBNTr_3 

containing magnesium is higher than the luminous 

intensities of the other two formulations without 

magnesium, but is lower than that of the barium 

control (Table 15). 

Table 15: Performance of formulations containing 

compound 7 as colorant. 

 
burn time 

[s] 
Dw 

[nm] 
Sp 

[%] 
LI 

[cd] 

AGBNTr_1 4 556 68 8.56·10
-4

 

AGBNTr_2 4 560 69 4.78·10
-4

 

AGBNTr_3 3 555 71 3.47·10
-3

 

 

For comparison three formulations containing only 

boron as green colorant were investigated.  The first 

two compositions B_1 and B_2 show a burning time 

of 2-3 s and are in the range of the control, whereas 

B_1 has a long burning time of 11 s. The spectral 

purities are also only slightly lower than that of the 

barium control. The luminous intensities of B_1 and 

B_2 are lower than that of the control, whereas the 

luminous intensity of B_3 exceeds that of the barium 

control (Table 16). 

Table 16: Performance of formulations containing 

amorphous boron as colorant. 

 
burn time 

[s] 
Dw 

[nm] 
Sp 

[%] 
LI 

[cd] 

B_1 2 563 63 6.25·10
-4

 

B_2 3 567 68 6.97·10
-4

 

B_3 11 566 72 3.15·10
-2

 

 

As shown in Table 17 all formulations are impact and 

friction sensitive and show decompositions 

temperatures lower than 200 °C.  

Table 17: Thermal and energetic properties of 

formulations containing amorphous boron as 

colorant. 

 Impact
a 

[J] 
Friction

a

 

[N] 

grain size 

[µm] 

T
dec

 

[°C] 

B_1 10 60 < 100 169 

B_2 10 60 < 100 184 

B_3 10 324 < 100 170 

Tdec = decomposition temperature (DSC onset), 
aBAM standards, 

method 1 of 6 

3. CONCLUSIONS 

Several nitrogen-rich dihydrobis(3,5-dinitropyrazol-1-

yl)borate and dihydrobis(3-nitro-1,2,4-triazol-1-

yl)borate salts were synthesized and characterized. 

Decomposition temperatures, impact and friction 

sensitivities were measured and showed, that most of 

the salts possess high thermal stability and are not or 

less sensitive. Furthermore, the four coordinated 

potassium tetrakis(3-nitro-1,2,4-triazol-1-yl)borate 

was synthesized and characterized. In addition the 
11
B 

NMR shift was calculated. 

Pyrotechnical formulations with selected azole borates 

as colorants were prepared and investigated and 

compared to the US Army in-service M125 A1 barium 

formulation. Formulations containing only amorphous 

boron as colorant were investigated as well. The 

combustion behaviour was observed and the dominant 

wavelengths, spectral purities and luminous intensities 

as well as the decomposition temperature and the 

shock and friction sensitivities were measured. The 

results show that the spectral purities are in the range 

of 51 % to 72 % and are only slightly lower than that 

of the barium control. The luminous intensities of 

formulations using magnesium and ADN are higher 

and are comparable or even higher (B_3) than that of 

the barium control. Formulations containing ADN 

show lower thermal stability. Almost all compositions 

are less or not impact and friction sensitive, except the 

formulations containing amorphous boron which are 

sensitive towards shock and friction. For this reasons, 
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formulations containing azole borates as green 

colorants are promising candidates in the ongoing 

investigations to replace toxic barium compounds by 

environmentally friendly and less toxic boron-

containing compounds. 
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ABSTRACT 

4,5-dicyano-2H-1,2,3-triazole (1) was formed by the 
reaction of diaminomaleodinitrile with nitrous acid at 
low temperature. Compound 1 reacted with alkali and 
alkaline earth metal bases in a polar solvent to form 
the corresponding salts of the 4,5-dicyano-2H-1,2,3-
triazole anion. All salts were characterized by mass 
spectrometry, elemental analysis, infrared and Raman 
spectroscopy and multinuclear NMR spectroscopy 
and the X-ray crystal structure was determined when 
possible. Differential scanning calorimetry was used 
to study the thermal behaviour of the compounds, 
which showed excellent thermal stabilities up to 
above 350 ºC. We also used safety testing to assess 
the sensitivity of the materials towards impact, 
friction, electrostatic discharge and fast heating, 
revealing very low sensitivities towards all four 
stimuli. Lastly, we computed the NBO and Mülliken 
charges of the 4,5-dicyano-2H-1,2,3-triazole anion. 

1. INTRODUCTION 

Pyrotechnics are compounds, which are generally used 
to cause an audiovisual effect (e.g., light, smoke, 
sound, etc.) and have a wide variety of applications in 
the field of fireworks, airbags, fire extinguishers, 
(road) flares, matches, production of nanoporous 
foams and propellants. A classical pyrotechnic 
formulation is composed of an oxidizer, a reducing 
agent, (optionally) a binder, a propellant, a sound- or 
smoke- producing agent and a colouring agent.1 
However, many of the commonly used energetic 
compounds are either toxic or form toxic 
decomposition products.  

In this line, nitrogen-rich compounds were 
investigated for application in the field of gas 
generators,2–4 blowing agents, 3–5 primary explosives5 
and as ingredients in pyrotechnic and propellant 
mixtures.6 Nitrogen-rich compounds have received 
considerable attention due to the fact that dinitrogen 
formation upon combustion leads to very negative 
enthalpies of combustion, i.e., very positive heats of 
formation. A prominent type of nitrogen-rich energetic 
compounds, which have been widely studied are 
azole-based energetic materials.7,8 These materials 

contain N–N bonds in the ring, which are stabilized by 
aromaticity and show relatively low sensitivities and 
high thermal stabilities. 

The heats of formation of azoles (Fig. 1) increase in 
the direction 1H-pyrrole (A) to 3H-pentazole (G), in 
agreement with an increase in the nitrogen content. 
Not surprisingly, the stability decreases in the same 
direction. Triazole- and tetrazole-based energetic 
materials seem to exhibit the best compromise 
between high energy content and good chemical and 
thermal stability and in the last few years they have 
been investigated for application as propellants or 
secondary explosives.9,10 Recently, the synthesis of 
polycyano compounds by Shreeve et al.11 showed that 
cyano groups can be used to increase the heats of 
formation (i.e., the energy content) of energetic 
materials. This work prompted us to study the 
energetic properties of the sodium, potassium, 
ammonium, hydrazinium and guanidinium salts of the 
5-cyanotetrazole anion ([C2N5]

−, Fig. 1).12  

Fig. 1 Formula structure of unsubstituted neutral 

azoles 

In contrast to tetrazole derivatives, triazole-based 
energetic materials have been less studied.13–16 Both 
possible isomers of triazole, i.e., D = 2H-1,2,3-triazole 
and E = 4H-1,2,4-triazole 1,2,4-triazole are known to 
have high positive heats of formation of 272 kJ mol–1 

and 109 kJ mol–1, respectively.17,18 Therefore, D 
should be of greater interest than E for the synthesis of 
energetic derivatives. 

The promising properties of energetic salts of the 5-
cyanotetrazole anion,12 attracted our attention to the 
parent 4,5-dicyano-2H-1,2,3-triazole (1). The 
synthesis of neutral 4,5-dicyano-2H-1,2,3-triazole was 
reported as early as 1921 by the diazotation of 
aminomalononitrile with in situ generated “HNO2”.

19 
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Shortly after, the same authors described the 
characterization of the ammonium, potassium, 
calcium, barium, copper and silver salts of the 4,5-
dicyano-2H-1,2,3-triazole anion mainly only by 
solubility and melting point.19,20 In 2003 and 2004 
several groups investigated the lithium salt and 
characterized it only by Raman spectroscopy.21 

Unfortunately, characterization data of salts of 4,5-
dicyano-2H-1,2,3-triazole was not reported. The 
authors of the latter references reported on the 
relatively non-coordinating behaviour of this anion for 
use in polymer electrolytes. In addition to the previous 
studies, a high number of rhodium complexes of this 
anion were reported22 and only recently, the synthesis 
and crystal structure of the first actinide complex of 
the 4,5-dicyano-2H-1,2,3-triazole anion, namely 
UO2((NC)2C2N3)2(OPPh3)3 was reported by Crawford 
et al.23 

In addition to the metal salts introduced above, many 
salts of the 4,5-dicyano-2H-1,2,3-triazole anion with 
nitrogen bases have also been described by Toshiaki et 
al.24 In 2007, ammonium and imidazolium salts of the 
4,5-dicyano-2H-1,2,3-triazole anion were described by 
Mizuta and coworkers as a new class of ionic liquids 
with potential for electrochemical applications25 and in 
2010, Kitaoka et al. described the preparation and 
properties  of imidazolium, pyridinium, and 
pyrrolidinium salts of the 4,5-dicyano-2H-1,2,3-
triazole anion.26 The latter compounds were claimed to 
be ionic liquids with lower viscosity and glass 
transition temperature than ionic liquids not 
containing cyano groups. However, none of the 
derivatives of 4,5-dicyano-2H-1,2,3-triazole described 
are energetic.19–26 Recent work by the Klapötke group 
reported on the synthesis and full characterization 
(including crystal structure analysis) of 4,5-dicyano-
2H-1,2,3-triazole and its sodium, silver, ammonium 
and guanidinium salts.27 The ammonium and 
guanidinium salts are highly endothermic and 
thermally stable energetic compounds. In view of the 
interesting energetic properties of the recently 
reported salts of the 5-cyanotetrazole12 and 4,5-
dicyano-2H-1,2,3-triazole 27 anions, we became 
interested to investigate whether the simple alkali and 
alkaline earth metal salts of the 4,5-dicyano-2H-1,2,3-
triazole might also show some desirable energetic 
properties. Therefore, here we would like to describe 
our results on the synthesis, full analytical and 
spectroscopic characterization, energetic properties 
and X-ray structures of alkali and alkaline earth metal 
salts of the 4,5-dicyano-1,2,3-triazolate ([C4N5]

–) 
anion. 

2. RESULTS AND DISCUSSION 

2.1 Synthesis and Stability 

4,5-Dicyano-2H-1,2,3-triazole (1) was obtained by a 
modified literature procedure21a,23 (see Experimental 
section). Sublimed crystalline 1 was then reacted with 
one equivalent of a suitable alkali metal hydroxide or 
carbonate in alcohol or with one equivalent of the 
corresponding alkaline earth metal hydroxide in water 

to prepare the alkali metal (compounds 2–5) and 
alkaline earth metal (compounds 6–9) salts of 1 
(Scheme 1). The synthesis and characterization of the 
previously reported sodium salt23 and of the highly 
toxic beryllium salt were outside the scope of this 
study.  

 

Scheme 1 Protocol for the synthesis of 4,5-dicyano-

2H-1,2,3-triazole (1) and its alkali (2–5) and 

alkaline earth (6–9) metal salts. 

Apart from the lithium salt (2), which is highly 
hydroscopic, the remainder of the compounds are 
stable to moisture and all salts of 1 are chemically and 
thermally stable over (at least) several months. The 
alkali metal salts 2–5 are readily soluble in polar 
solvents such as acetone, alcohol, water or DMSO and 
insoluble in less polar solvents such as ether or 
chloroform. On the other hand, the alkaline earth 
metal salts 6–9 are significantly less soluble and do 
not dissolve in acetone or alcohol and they are less 
soluble in water or DMSO. The solubility of 
compounds 6–9 in water decreases in the direction Mg 
(6) > Ca (7) > Sr (8) > Ba (9) so that whereas the 
magnesium salt (6) is readily soluble at room 
temperature, the barium derivative (9) dissolves only 
in hot water. Lastly, we found that when a solution of 
compound 8 in water is heated, hydrolysis of one of 
the cyano groups takes place forming compound 8b, 
which is based on the 5-cyano-2H-1,2,3-triazole-4-
carboxylic acid anion (see X-ray discussion below).  

Due to the endothermic character of 1,2,4-triazole 
(∆fH = 26.1 kcal mol–1)28 and its salts8b and of cyano 
compounds,11 salts based on the 4,5-dicyano-2H-1,2,3-
triazole anion are potentially energetic compounds. 
Therefore, we assessed the energetic properties of 
compounds 2–9 using standardized test methods. 
BAM methods29–34 were used to gain insight into the 
sensitivity of the compounds in this study towards 
impact, friction, electrostatic discharge and heating. 
According to our results, compounds 2–9 are impact 
(>40 J), friction (>360 N) and electrostatics (20 kV) 
insensitive and therefore classify as safe for transport 
according to UN recommendations.34 The low 
sensitivity of compounds 2–9 is in clear advantage 
with the high sensitivity of previously reported metal 
salts of 5-nitro-2H-tetrazole.35 

The thermal stability of compounds 2–9 was assessed 
by differential scanning calorimetry (DSC). All 
materials have excellent thermal stabilities (generally) 
above 300 ºC. For the alkali metal salts 2–5 the 
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decomposition temperatures seem to decrease with the 
size of the cation (i.e., Li (2) > K (3) > Rb (4) > Cs 
(5)) whereas the opposite trend is observed for the 
alkaline earth metal salts (i.e., Mg (6) > Ca (7) < Sr (8) 
< Ba (9)). The decomposition temperatures of 
compounds 2–9 are significantly higher than those of 
previously reported alkali and alkaline earth metal 
salts with azole-based anions.35–37 

In addition to DSC analysis, all metal salts of 4,5-
dicyano-2H-1,2,3-triazole were tested in the ‘‘flame 
test’’, where a few milligrams of the compound were 
placed on a metal spatula and the spatula was held in 
the open flame of a Bunsen burner. Fast heating of the 
alkali metal salts of 4,5-dicyano-2H-1,2,3-triazole 
results in normal burning with little smoke 
accompanied by the characteristic colour of the metal 
cation (i.e., red (2), purple (3), red (4) and pink (5)) 
whereas the alkaline earth metal salts burn slightly 
more vigorously, also giving the corresponding flame 
colour of the metal centre (i.e., white (6), lavender (7), 
red (8) and green (9)). 

2.2 Spectroscopic Discussion 

All salts of the 4,5-dicyano-2H-1,2,3-triazole anion 
were characterized by vibrational spectroscopy (IR 
and Raman) as well as NMR spectroscopy (1H, 13C 
and 14N NMR). The B3LYP method was used to 
facilitate the assignment of the vibrational bands 
observed in the IR and Raman spectra of compounds 
2–9. We used a 6-31+G(d,p) basis set to predict the 
(gas phase) vibrational frequencies of the 4,5-dicyano-
2H-1,2,3-triazole anion (see Experimental part for 
details on the computational method used). The 
supporting information (SI Table 1) contains a 
summary of the (scaled) predicted vibrational 
frequencies of the 4,5-dicyano-2H-1,2,3-triazole anion 
with the corresponding IR intensities and Raman 
activities and averaged experimental values. The most 
intense band observed in both IR and Raman spectra 
of salts 2–9 corresponds to the stretching vibrations of 
the two cyano groups (strong band at ca. 2250 cm–1 
(νs(C≡N)) with a shoulder at ca. 2240 cm–1 

(νas(C≡N))). The remainder of the bands are of lower 
intensity/activity and can be assigned as follows: 
1505–1090 cm–1 (ring C–N and N–N stretching 
modes), 1010–710 cm–1 (ring N–N–N bending 
vibrations), 660–430 cm–1 (ring N–C–C and N–N–C 
bending modes) and 605–430 cm–1 (C–C≡N bending 
vibrations).  

Due to the lack of hydrogen atoms, the 1H NMR 
spectra of the salts of the 4,5-dicyano-2H-1,2,3-
triazole anion only show the resonances corresponding 
to the protons of the solvated water molecules at δ 
~3.4 ppm. On the other hand, the 13C NMR spectra 
show two resonances at δ ~121.0 and δ ~114.0 ppm, 
corresponding to the resonances of the cyano groups 
and triazole ring, respectively. Additionally, the 14N 
NMR spectra are characterized by broad bands at δ 
~+25 (υ1/2 = 700 Hz, N5), –25 (υ1/2 = 800 Hz, N4/N6) 
and –120 (υ1/2 = 700 Hz, N1/N9) ppm. 

2.3 X-ray crystal structures 

The 4,5-dicyano-1,2,3-triazole anions in the solid state 
structure of the rubidium salt 4 and the magnesium 
salt 6 do not show significant differences. A similar 
situation is found for the two crystallographically 
independent anions 8b (1) and 8b (2) in the crystal 
structure of the 5-cyano-2H-1,2,3-triazole-4-
carboxylic acid salt 8b. For all three compounds 4, 6 
and 8b the N–N distances of the triazole ring, in the 
range between ca. 1.33 and 1.36 Å, are between 
typical N–N single (1.454 Å) and N=N double bonds 
(1.245 Å).38 The cyano group C–N distances (ca. 
1.14–1.15 Å) are comparable to those of recently 
reported salts of 5-cyanotetrazole12 and 4,5-dicyano-
1,2,3-triazole.27 The remainder of the C–N distances, 
in the range between ca. 1.33 and 1.35 Å are also 
shorter than the average C–N single bond distance 
(1.47 Å).39 and point at a highly delocalized electronic 
system. 

The rubidium salt 4 crystallizes in a monoclinic cell of 
the space group P21/c. The asymmetric unit of the 
compound is made up of one crystalographically 
independent Rb+ cation and one 4,5-dicyano-2H-1,2,3-
triazole anion. All nitrogen atoms of the anion are 
involved in coordination to the metal centre (Fig. 2a) 
with Rb–N distances in the range 2.93 to 3.27 Å, 
comparable to those previously found in rubidium 5-
nitrotetrazolate.35 The coordination around the 
rubidium atoms is completed by interaction to seven 
anions (Fig. 2b) accounting for a coordination number 
of nine. This coordination mode is usual for rubidium 
salts.16,40  
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Fig. 2 Labelling scheme and packing around the 

anion (a) and cation (b) in the crystal structure of 

compound 4. 

The 4,5-dicyano-2H-1,2,3-triazole anions and 
rubidium cations form planar layers perpendicular to 
the ac-plane connected among them by the Rb–N 
contacts discussed above (Fig. 3a). Additionally, the 
layers of anions form infinite chains along the c-axis 
with each layer twisted by approximately 180º in 
respect to the previous one (Fig. 3b). 

 

Fig. 3 View of the 2*2*2 supercell along the b-axis 

(a) and along the c-axis (b) in the crystal structure 

of compound 4.  

In analogy to salt 4, the magnesium salt 6 also 
crystallizes in a P21/c monoclinic cell. In 6 the Mg2+ 
cations sit on a symmetry plane with half of the 
solvated water molecules and half of the anions being 
generated by symmetry ((i) 2–x, 1–y, 2–z). The 
asymmetric unit is made up of one cation, one anion 
and four molecules of water so that the overall charge 
is zero and the compound is an octahydrate. Fig. 4 
shows a view of the unit cell. The coordination around 
the magnesium is completed by six solvated water 
molecules (two times three crystallographically 
independent molecules) with Mg-O distances between 
2.05 and 2.07 Å and angles close to the ideal 90 and 
180º, expected for a regular octahedron. The 
octahedral geometry is common for magnesium salts 
with nitrogen-rich anions.37b The fourth molecule of 
water, not involved in coordination, forms hydrogen 
bonds. All nitrogen atoms in the anions are involved 
in hydrogen-bonding to water molecules via five out 
of the seven hydrogen bonds found in the structure. 
The remainder of the hydrogen bonds are formed by 
interaction between two solvated water molecules.  

 

Fig. 4 Unit cell of compound 6 (view along the c-

axis) with the coordination around the Mg
2+
 cation. 

Recrystallization of compound 8 from hot water 
resulted in hydrolysis of one of the cyano groups to 
form the strontium salt 8b. The proposed mechanism 
for the hydrolysis of one of the cyano groups to form 
salt 8b is depicted in Scheme 2. Note that the anion of 
compound 8b holds a proton on the carboxylic group 
whereas the triazole ring is deprotonated. This can be 
explained by the high delocalization of the triazole 
ring negative charge in salt 8b around the ring and 
over to the cyano and carboxylic acid groups. This 
delocalization increases the acidity of the triazole 
proton in comparison to the carboxylic acid proton in 
5-cyano-2H-1,2,3-triazole-4-carboxylic acid. The 
unusually high acidity of the triazole ring was already 
noticed in preliminary tests when trying to protonate 
4,5-dicyano-2H-1,2,3-triazole (1) to form the 
corresponding chloride and picrate salts. When ether 
solutions of 1 were reacted with ether solutions of 
hydrochloric or picric acid, no precipitation of the 
expected chloride and picrate salts was observed and 
only unreacted 1 was recovered 

Scheme 2 Proposed mechanism for the hydrolysis 

of the 4,5-dicyano-2H-1,2,3-triazole salt 8  

Compound 8b crystallizes in a monoclinic cell in the 
space group P21/n. The asymmetric unit is made up of 
one Sr2+ cation, two 5-cyano-2H-1,2,3-triazole-4-
carboxylic acid anions and four solvated water 
molecules. Note the existence of a longer and a shorter 
C–O bond (C–O ~1.23 Å and C–O ~1.23 Å, 
respectively). The coordination number around the 
Sr2+ cations is eight (Fig. 5). Only one of the two 
oxygen atoms in the anion is involved in the 
coordination around the metal centre with Sr–O 
distances in the range 2.48–2.54 Å. Additionally, the 
four water molecules are involved in three short 
coordination bonds (2.55–2.58 Å) and two longer 
contacts (2.71–2.73 Å). Lastly, only the nitrogen atom 
of the –CN group is involved in coordination (Sr–N 
~2.73 Å), whereas the remainder of nitrogen atoms are 
involved in hydrogen-bonding. As represented in Fig. 
6, two asymmetric units, i.e., SrA2*4H2O (A = 5-
cyano-2H-1,2,3-triazole-4-carboxylic acid anion) are 
bridged by the two longer contacts to water molecules 
described above to form [Sr2A4*8H2O] clusters. These 
“dimmeric” clusters are connected to other clusters in 
the structure through hydrogen-bonding. 



Miró Sabaté, Delalu 

 5
EGC 2013 

 

Fig. 5 Packing around the Sr
2+ 
cation in the crystal 

structure of compound 8b and labelling scheme. 

3. CONCLUSIONS 

Energetic salts of 4,5-dicyano-2H-1,2,3-triazole (1) 
with alkali (2–5) and alkaline earth (6–9) metals were 
readily synthesized from cheap starting materials in 
excellent yields and high purities. The materials were 
characterized by analytical (mass spectrometry and 
elemental analysis) and spectroscopic (infrared, 
Raman and multinuclear NMR) methods. 
Additionally, we solved the solid state structure of the 
4,5-dicyano-2H-1,2,3-triazole anion of one of the 
alkali (4) and one of the alkaline earth (6) metal salts. 
Interestingly, the strontium salt 8 hydrolyses in hot 
water to form the previously unknown 5-cyano-2H-
1,2,3-triazole-4-carboxylic acid salt (compound 8b), 
as supported by X-ray measurements. For both the 
4,5-dicyano-2H-1,2,3-triazole and the 5-cyano-2H-
1,2,3-triazole-4-carboxylic acid anions we computed 
the NBO and Mülliken charges. Lastly, we assessed 
the thermal stabilities of compounds 2–9 by means of 
differential scanning calorimetry and the sensitivities 
towards classical stimuli were measured using 
standard BAM tests. Compounds 2–9 combine good 
burning behaviours with excellent thermal stabilities 
and low sensitivities, making the materials of 
prospective interest for energetic applications. 

4. EXPERIMENTAL SECTION 

4.1 Cautionary Note  

Although initial safety testing indicated that 
compounds 2–9 have low sensitivities against classical 
stimuli, they ought to be regarded as potentially 
explosive materials and adequate safety practice is 
recommended at all times. The synthesis of these 
compounds ought to be only carried out by trained 
personnel using appropriate safety equipment.  

4.2 X-ray Crystal Structure Determination 

The crystallographic data for compounds 4, 6 and 8b 
(Table 4) was collected using an Oxford Diffraction 
Xcalibur 3 diffractometer equipped with a CCD 
detector. The CrysAlis Pro software41 was used for the 
data collection and reduction and the structure was 
solved using the WinGX software.42,43 The non-
hydrogen atoms were refined anisotropically and a 
multi-scan absorption correction was applied.44 Tables 

2 to 5 of the supporting information contain a 
summary of the metal-nitrogen, metal-oxygen 
distances and angles and the geometry of the hydrogen 
bonds in compounds 4, 6 and 8b. 

4.3 Computational Section  

The gas phase geometry of the 4,5-dicyano-2H-1,2,3-
triazole anion was optimized using DFT calculations 
(B3LYP/6-311+G(d,p)).45,46 No imaginary frequencies 
were found and the optimized structure was a true 
minimum on the potential energy surface. The 
optimized structure of the 4,5-dicyano-1,2,3-triazolate 
anion was then used to compute the harmonic 
vibrational frequencies, the infrared intensities and the 
Raman activities using Gaussian 03W.47 The 
computed frequencies were scaled by a factor of 
0.9613.48  

4.4 Synthesis of compounds 1-9 

4,5-Dicyano-2H-1,2,3-triazole (1): 1 was synthesized 
by the following modified literature procedure:27,49 98 
% diaminomaleodinitrile (10.81 g, 98.00 mmol) was 
dissolved in 1N hydrochloric acid (100 mL) and 
cooled to 0 ºC. A solution of sodium nitrite (6.89 g, 
100.0 mmol) in distilled water (125 mL) was added to 
the above solution keeping control that the 
temperature in the reaction flask did not exceed 5 °C. 
After stirring for 30 min in the cold, the reaction 
mixture was allowed to reach room temperature and 
further stirred for 1 h. The dark brown solution that 
had formed was filtered and the insoluble materials 
were washed with water. The filtrates were extracted 
with diethyl ether (6 * 100 mL) and the volatiles were 
eliminated under reduced pressure at 45 ºC giving a 
pale orange liquid, which solidified upon cooling. The 
crude product was dried under high vacuum (10.756 g, 
92%). The crude product can be purified by 
sublimation at 90 °C under high vacuum to yield white 
crystals of 1 (8.972 g, 77%). DSC (Tonset, 5 °C min–1): 
147.4 ºC (mp), >220 °C (dec); 1H NMR (DMSO-d6, 
25 °C, ppm): δ = 7.58 (s(br), 1 H, N–H); 13C NMR 
(DMSO-d6, 25 °C, ppm): δ = 111.6 (2 C, –CN), 123.7 
(2 C, triazole); EA (C4HN5, 119.10): calcd. C 40.34, H 
0.85; N 58.81 %; found: C 40.18, H 1.01 N 58.54 %. 

General procedure for the synthesis of alkali metal 

salts of 1 (compounds 2–5): 1 (0.476 g, 4.0 mmol) was 
dissolved in ethanol (15 mL) and reacted with one 
equivalent of an alkali metal base, i.e., 98% lithium 
hydroxide (0.098 g, 4.0 mmol), potassium hydroxide 
(0.224 g, 4.0 mmol), rubidium carbonate (0.462 g, 2.0 
mmol) or cesium carbonate (0.652 g, 2.0 mmol). The 
reaction mixture was stirred for 1 h at room 
temperature (CO2 evolution was observed for the 
synthesis of salts 4 and 5), refluxed shortly and the 
solvent was removed under reduced pressure at 40 ºC. 
The elemental analysis of compounds 2–5 showed the 
presence of two solvated water molecules for salt 2 
whereas the remainder of the materials where obtained 
as anhydrous compounds.  
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Lithium 4,5-dicyano-1,2,3-triazolate dihydrate (2): 
white powder (0.602 g, 93 % yield). DSC (Tonset, 5 °C 
min–1): 322 °C (dec); MS (–c ESI): m/z = 117.9 (5, 
[A–]–), 243.0 (100, [2A– + Cat+]–), 368.3 (12, [3A– + 

2Cat+]–); IR (golden gate, cm–1, rel. int.): ν~ = 3408(w) 
3377(w) 2252(s) 2147(m) 1504(m) 1421(w) 1368(m) 
1280(w) 1247(m) 1188(m) 1165(m) 1154(m) 1008(w) 
947(w) 861(w) 707(w) 651(m) 630(m) 525(w) 501(w) 
492(w) 475(m) 447(w); Raman (1064 nm, 200 mW, 

25 °C, cm–1): ν~ = 2246 (100), 1511 (16), 1390 (7), 
1295 (12), 1155 (3), 1084 (8), 1001 (11), 717 (2), 658 
(2), 524 (3), 469 (3); 1H NMR (DMSO-d6, 25 °C, 
ppm): δ = 3.58 (H2O); 13C NMR (DMSO-d6, 25 °C, 
ppm): δ = 121.08 (2 C, –CN), 113.94 (2 C, triazole); 
14N NMR (DMSO-d6, 25 °C, ppm): δ = +26 (1 N, 
s(br), υ1/2 = 690 Hz, N5), –24 (2 N, s(br), υ1/2 = 785 
Hz, N4/N6), –122 (2 N, s(br), υ1/2 = 705 Hz, N1/N9); 
EA (C4H4N5O2Li, 161.05): calcd. C 29.83, H 2.50, N 
43.49 %; found: C 29.63, H 2.48, N 43.61 %. 

Potassium 4,5-dicyano-1,2,3-triazolate (3): white 
powder (0.761 g, 94 % yield). DSC (Tonset, 5 °C min–

1): 314 °C (dec); MS (–c ESI): m/z = 118.0 (22, [A–]–), 
274.7 (38, [2A– + Cat+]–), 431.6 (100, [3A– + 2Cat+]–); 

IR (golden gate, cm–1, rel. int.): ν~ = 3428(w) 2248(s) 
1528(w) 1503(w) 1421(w) 1377(m) 1283(w) 1243(w) 
1189(m) 1170(m) 1159(m) 1110(w) 1086(w) 986(w) 
863(w) 709(w) 657(w) 634(m) 527(m) 501(w) 476(m) 
456(w); Raman (1064 nm, 200 mW, 25 °C, cm–1): 

ν
~ = 2252 (100), 1504 (20), 1378 (12), 1284 (7), 1157 
(2), 1083 (10), 999 (8), 711 (2), 656 (4), 529 (5), 473 
(4); 13C NMR (DMSO-d6, 25 °C, ppm): δ = 121.10 (2 
C, –CN), 113.66 (2 C, triazole); 14N NMR (DMSO-d6, 
25 °C, ppm): δ = +24 (1 N, s(br), υ1/2 = 700 Hz, N5), –
22 (2 N, s(br), υ1/2 = 790 Hz, N4/N6), –121 (2 N, s(br), 
υ1/2 = 725 Hz, N1/N9); EA (C4N5K, 157.17): calcd. C 
30.57, N 44.56 %; found: C 30.48, N 44.37 %. 

Rubidium 4,5-dicyano-1,2,3-triazolate (4): white 
powder (0.778 g, 96 % yield). Single crystals of 4 
suitable for X-ray analysis were grown by slow 
evaporation of a solution of the compound in alcohol 
or hot water. DSC (Tonset, 5 °C min–1): 297 °C (dec); 
MS (–c ESI): m/z = 118.0 (74, [A–]–), 320.6 (100, 
[2A– + Cat+]–), 479.5 (11); IR (golden gate, cm–1, rel. 

int.): ν~ = 3326(w) 2245(s) 2161(w) 1503(w) 1419(w) 
1375(m) 1283(w) 1242(w) 1189(m) 1169(m) 1159(m) 
1109(w) 1000(w) 943(w) 863(w) 708(w) 655(w) 
634(m) 554(w) 528(m) 506(w) 493(w) 474(m) 
459(w); Raman (1064 nm, 200 mW, 25 °C, cm–1): 

ν
~ = 2248 (100), 1504 (24), 1376 (13), 1284 (6), 1160 
(2), 1082 (11), 999 (5), 710 (3), 654 (7), 530 (8), 473 
(6); 13C NMR (DMSO-d6, 25 °C, ppm): δ = 120.96 (2 
C, –CN), 113.84 (2 C, triazole); 14N NMR (DMSO-d6, 
25 °C, ppm): δ = +22 (1 N, s(br), υ1/2 = 715 Hz, N5), –
20 (2 N, s(br), υ1/2 = 750 Hz, N4/N6), –120 (2 N, s(br), 
υ1/2 = 690 Hz, N1/N9); EA (C4N5Rb, 203.54): calcd. C 
23.60, N 34.41 %; found: C 23.45, N 34.12 %. 

Cesium 4,5-dicyano-1,2,3-triazolate (5): white 
powder (0.972 g, 97 % yield). DSC (Tonset, 5 °C min–

1): 294 °C (dec); MS (–c ESI): m/z = 118.0 (72, [A–]–), 

368.6 (100, [2A– + Cat+]–); IR (golden gate, cm–1, rel. 

int.): ν~ = 3743(w) 3302(w) 2241(s) 2193(w) 1635(w) 
1500(m) 1421(w) 1379(m) 1288(w) 1243(w) 1181(m) 
1146(m) 1115(w) 1059(w) 1003(w) 946(w) 859(w) 
733(w) 708(w) 635(m) 606(w) 588(w) 576(w) 567(w) 
529(m) 515(w) 487(w) 479(w); Raman (1064 nm, 200 

mW, 25 °C, cm–1): ν~ = 2250 (100), 1510 (19), 1381 
(11), 1289 (8), 1157 (3), 1083 (9), 1001 (4), 712 (2), 
655 (5), 525 (6), 468 (5); 13C NMR (DMSO-d6, 25 °C, 
ppm): δ = 120.99 (2 C, –CN), 113.85 (2 C, triazole); 
14N NMR (DMSO-d6, 25 °C, ppm): δ = +24 (1 N, 
s(br), υ1/2 = 645 Hz, N5), –18 (2 N, s(br), υ1/2 = 760 
Hz, N4/N6), –122 (2 N, s(br), υ1/2 = 710 Hz, N1/N9); 
EA (C4N5Cs, 250.98): calcd. C 19.14, N 27.91 %; 
found: C 18.89, N 27.68 %. 

General procedure for the synthesis of alkaline earth 

metal salts of 1 (compounds 6–9): 1 (0.476 g, 4.0 
mmol) was dissolved in distilled water (10 mL) and 
reacted with one equivalent of an alkali earth metal 
hydroxide, i.e., 99% magnesium hydroxide (0.117 g, 
2.0 mmol), 96% calcium hydroxide (0.154 g, 2.0 
mmol), 95% strontium hydroxide (0.256 g, 2.0 mmol) 
or 98% barium hydroxide octahydrate (0.644 g, 2.0 
mmol). An exothermic reaction was observed and the 
reaction mixture was stirred for 1 h at room 
temperature and shortly refluxed. The insoluble 
alkaline earth metal carbonate was filtered while hot 
and the solvent was eliminated under reduced 
pressure. Elemental analysis of the products showed 
the presence of eight solvated water molecules for 
compounds 6 and 7 and six solvated water molecules 
for compounds 8 and 9.  

Magnesium 4,5-dicyano-1,2,3-triazolate 

octahydrate (6): white powder (0.761 g, 94 % yield). 
X-ray quality single crystals of 6 were grown by 
recrystallization from hot water. DSC (Tonset, 5 °C 
min–1): 317 °C (dec); MS (–c ESI): m/z = 118.0 (100, 
[A–]–), 236.5 (17, [2A]–), 378.8 (39, [3A– + Cat2+]–), 

413.1 (34); IR (golden gate, cm–1, rel. int.): ν
~ = 

3635(w) 3487(s) 3332(m) 3223(s) 2256(s) 2241(s) 
1665(s) 1506(w) 1385(m) 1300(w) 1239(w) 1190(m) 
1103(w) 996(w) 662(m) 639(m) 523(w) 506(w) 
475(w) 462(w); Raman (1064 nm, 200 mW, 25 °C, 

cm–1): ν~ = 2258 (100), 2243 (71), 1507 (18), 1494 
(14), 1387 (13), 1300 (11), 1191 (4), 1103 (17), 1019 
(7), 710 (3), 658 (4), 525 (9), 471 (2); 1H NMR 
(DMSO-d6, 25 °C, ppm): δ = 3.83 (H2O); 13C NMR 
(DMSO-d6, 25 °C, ppm): δ = 121.49 (4 C, –CN), 
114.17 (4 C, triazole); 14N NMR (DMSO-d6, 25 °C, 
ppm): δ = +23 (1 N, s(br), υ1/2 = 700 Hz, N5), –22 (2 
N, s(br), υ1/2 = 780 Hz, N4/N6), –121 (2 N, s(br), υ1/2 = 
700 Hz, N1/N9); EA (C8H16N10O8Mg, 404.58): calcd. 
C 23.75, H 3.99, N 34.62 %; found: C 23.53, H 4.12, 
N 34.48 %. 

Calcium 4,5-dicyano-1,2,3-triazolate octahydrate 

(7): white powder (0.802 g, 95 % yield). DSC (Tonset, 5 
°C min–1): 308 °C (dec); MS (–c ESI): m/z = 118.0 
(29, [A–]–), 236.7 (32, [2A]–), 394.2 (100, [3A– + 
Cat2+]–), 413.2 (29); IR (golden gate, cm–1, rel. int.): 
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ν
~  = 3574(w) 3467(w) 3394(m) 3231(s) 2252(m) 
2242(m) 2114(w) 1653(s) 1599(s) 1548(w) 1462(w) 
1416(m) 1368(w) 1302(w) 1277(w) 1192(w) 1179(m) 
1141(w) 1115(w) 1093(w) 1061(w) 790(m) 698(m) 
633(w) 577(m) 515(m) 483(w); Raman (1064 nm, 200 

mW, 25 °C, cm–1): ν~ = 2253 (100), 1609 (14), 1550 
(26), 1416 (7), 1368 (8), 1302 (6), 1193 (7), 1179 (4), 
1110 (15), 1099 (22), 1014 (12), 794 (3), 715 (11), 
647 (3), 504 (4), 475 (4), 407 (6); 1H NMR (DMSO-
d6, 25 °C, ppm): δ = 3.60 (H2O); 13C NMR (DMSO-
d6, 25 °C, ppm): δ = 121.21 (4 C, –CN), 114.04 (4 C, 
triazole); 14N NMR (DMSO-d6, 25 °C, ppm): δ = +20 
(1 N, s(br), υ1/2 = 680 Hz, N5), –20 (2 N, s(br), υ1/2 = 
780 Hz, N4/N6), –126 (2 N, s(br), υ1/2 = 710 Hz, 
N1/N9); EA (C8H16N10O8Ca, 420.35): calcd. C 22.86, 
H 3.84, N 33.32 %; found: C 22.57, H 4.08, N 33.09 
%. 

Strontium 4,5-dicyano-1,2,3-triazolate hexahydrate 

(8): white powder (0.798 g, 92 % yield). Slow 
evaporation of a solution of 8 in hot water resulted in 
the formation of X-ray quality crystals of the 
tetrahydrate strontium salt of 5-cyano-2H-1,2,3-
triazole-4-carboxylic acid (8b). DSC (Tonset, 5 °C min–

1): 334 °C (dec); MS (–c ESI): m/z = 118.0 (25, [A–]–), 
236.7 (28, [2A]–), 442.1 (100, [3A– + Cat2+]–), 495.9 

(46); IR (golden gate, cm–1, rel. int.): ν~ = 3615(w) 
3462(w) 3240(m) 2246(m) 2163(w) 1662(s) 1588(s) 
1454(w) 1417(m) 1355(w) 1301(w) 1280(w) 1203(m) 
1185(m) 1150(w) 1112(w) 1039(w) 790(w) 698(m) 
644(m) 545(w) 508(w) 482(m) 459(w); Raman (1064 

nm, 200 mW, 25 °C, cm–1): ν~ = 2247 (100), 1668 (4), 
1592 (14), 1541 (21), 1418 (5), 1359 (2), 1301 (2), 
1184 (5), 1113 (11), 1016 (9), 791 (2), 701 (9), 650 
(2), 496 (2), 429 (2); 1H NMR (DMSO-d6, 25 °C, 
ppm): δ = 3.52 (H2O); 13C NMR (DMSO-d6, 25 °C, 
ppm): δ = 121.17 (4 C, –CN), 114.02 (4 C, triazole); 
14N NMR (DMSO-d6, 25 °C, ppm): δ = +22 (1 N, 
s(br), υ1/2 = 665 Hz, N5), –20 (2 N, s(br), υ1/2 = 815 
Hz, N4/N6), –124 (2 N, s(br), υ1/2 = 700 Hz, N1/N9); 
EA (C8H12N10O6Sr, 431.86): calcd. C 22.24, H 2.80, N 
32.43 %; found: C 21.93, H 3.02, N 32.14 %. 

Barium 4,5-dicyano-1,2,3-triazolate hexahydrate 

(9): white powder (0.924 g, 96 % yield). DSC (Tonset, 5 
°C min–1): 351 °C (dec); MS (–c ESI): m/z = 118.0 
(39, [A–]–), 236.7 (38, [2A]–), 492.0 (100, [3A– + 
Cat2+]–), 546.0 (17); IR (golden gate, cm–1, rel. int.): 

ν
~ = 3454(m) 3322(w) 3128(m) 2240(m) 2114(w) 
1657(s) 1577(m) 1523(s) 1434(s) 1356(m) 1289(w) 
1175(m) 1151(m) 1086(w) 1011(w) 798(m) 781(w) 
739(w) 718(m) 633(w) 558(m) 502(w) 483(w); 

Raman (1064 nm, 200 mW, 25 °C, cm–1): ν~ = 2244 
(100), 1675 (3), 1583 (15), 1527 (27), 1437 (11), 1359 
(5), 1291 (8), 1178 (10), 1112 (13), 1087 (5), 1012 
(9), 786 (1), 723 (7), 495 (3), 427 (5); 1H NMR 
(DMSO-d6, 25 °C, ppm): δ = 3.43 (H2O); 13C NMR 
(DMSO-d6, 25 °C, ppm): δ = 121.06 (4 C, –CN), 
113.93 (4 C, triazole); 14N NMR (DMSO-d6, 25 °C, 
ppm): δ = +25 (1 N, s(br), υ1/2 = 680 Hz, N5), –26 (2 
N, s(br), υ1/2 = 790 Hz, N4/N6), –120 (2 N, s(br), υ1/2 = 

700 Hz, N1/N9); EA (C8H12N10O6Ba, 481.57): calcd. 
C 19.95, H 2.51, N 29.08 %; found: C 19.77, H 2.73, 
N 28.87 %. 
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Table 1: Some basic structural characteristics of the original copolymers.

Sample 
name

α

кр,

%

Size of crystallites, ˚А Defectiveness, %

average 
size

(Williamson
-Hall) 

minimum maximum
first 
kind

second 
kind

(AB)n_0 17 82 150 475 17,4 4,2

(AB)n_1 15 69 61,6 606 17,3 4,8

(AB)n_2 16 65 53,9 439 12,8 4,0

(AB)n_3 13 97 471,8 653 8,8 1,4

(AB)n_4 8 31 160,7 512 8,9 2,0

(AB)n_5 8 193 439,1 662 12,7 2,9

B(AB)n_0 16 27 86,9 439 17,3 4,5

B(AB)n_1 17 38 86,9 409 12,7 3,7

B(AB)n_2 12 37 235,4 475 13,6 2,6

B(AB)n_3 12 56 270 449 12,7 3,1

A(AB)n 15 289 209,7 378 13,6 2,5

(BB)n 22 19,4 119,9 945 17,5 4,2
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Figure 2: Dependence of crystallinity

degree on oAMMO content

for (AB)n structure.

INTRODUCTION

METHODS

RESULTS

CONCLUSIONS

Research of azidosubstituted thermoplastic
elastomers as the basis of binders has a great interest

among Russian and World scientists . Much attention is paid to a
promising binders azidopolymers, because its characteristic azide group cause
a positive heat of formation of 313-397 kJ/mol . Physico-chemical stability of the compositions based

on these copolymers is associated with the processes of structure formation, crystallization, occurring during the production, storage and exploitation.
Knowledge of the laws of formation of the "thin" structure of the copolymers and its quantification is allow to predict and obtain given physico-chemical and physico-mechanical
and exploitation characteristics of copolymers and composites

Copolymers of 3,3 - bisazidometiloxetane (BAMO) and 3-azidomethyl-3-methyloxetane
(AMMO) with different molecular structure of the type B(AB) n, (AB)n, a (AB)n, (BB)n, where

oligomer AMMO – A was used as amorphous soft blocks, and in the construction of the hard
blocks the segments of crystallizable oligomer BAMO-B and the urethane-diol fragments were
involved.

MATERIALS
Name of 
samples

Сontent
oАММО,

% mol.

[η], дл/г
Mol. weight 
оАММО,

Mol. weight 
оBАМО,

(AB)n_0 20 0,31 2500-3000

1500-2000

(AB)n_1 20 0,41

1500-2000

(AB)n_2 30 0,24

(AB)n_3 40 0,38
(AB)n_4 50 0,39

(AB)n_5 60 0,37

B(AB)n_0 20 0,23 2500-3000

B(AB)n_1 20 0,27

1500-2000
B(AB)n_2 50 0,02

B(AB)n_3 70 0,22
A(AB)n 50 0,52

(BB)n 0 0,22 -

� For the study of amorphous and crystalline supramolecular structure of copolymers AMMO
BAMO were used wide angle X-ray diffraction methods and small-angle X-ray diffraction

using a software-hardware complex for materials analysis on the basis of X-ray
diffractometer Ultima IV RIGAKU.

� The main structure characteristics of urethane copolymers were calculated with the

software package PDXL, ORIGIN, NanoSolver.
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Figure 3: Degree of crystallinity for

copolymers with different

molecular structure

The results of X-ray diffraction investigations in urethane copolymers AMMO BAMO, established depending the structural parameters of the copolymers on the content of
oligomeric units, and the original molecular structure. Calculated:

- degree of crystallinity of copolymers is in range from 8% to 22%;

- effective sizes of crystallites, which are within 60-950 A º, and distribution of crystallites in copolymers structure;

- structural defectiveness of the first and second kinds, which show high values of defectiveness of the first kind ~ 20%, which

characterizes the shift of lattice sites positions from theoretical values, and minor defects in value of the second kind ~ 3%,

that characterize the disarrangement of lattice sites at large distances;

� - sizes and distribution of the crystalline domains in amorphous matrix oAMMO.

� The copolymers AMMO BAMO have amorphous-crystalline structure, but differ with
various contents of crystal parts. An amorphous halo can be identified on diffraction

pattern, which characterizes oAMMO and crystalline peaks.

� The main structure characteristics of urethane copolymers were calculated .

� The degree of crystallinity is in the range from 8 to 22%.

� Regularities of changing the crystallinity degree for structures B(AB)n
and (AB)n on the ratio oligomeric units BAMO and AMMO in the
copolymer (fig.2 ) show a systematic decrease the crystallinity degree

for the copolymer with increasing oAMMO content, regardless the
structure of the copolymers.

� The crystallinity degree for copolymers with different structures and the
similar ratio of oligomeric units oAMMO and oBAMO and random

copolymer (BB)n was evaluated (fig. 3).

� Copolymer (BB)n has a maximum crystallinity degree due to the lack

of amorphous block oAMMO in the copolymer chain.

� In statistical distribution of oligomeric units, realized in the (AB)n

structure, degree of crystallinity is much lower.

� The end-soft blocks of A(AB)n and B(AB)n samples improves

segmental mobility of the copolymer macromolecules and creates
favorable conditions for crystalline structure A(AB)n formation in
comparison with the structure B(AB)n, containing the hard end blocks.

� Structural parameters of the copolymers B (AB)n and (AB)n structure with a same molecular weight of oBAMO, various molecular weight of oAMMO and ratio of
oAMMO:oBAMO – 20:80 were calculated for determining the influence of oligomeric segment length on copolymer structure.

� Degree crystallinity goes down along with decrease of molecular mass of oAMMO. It can be connected with high mobility of crystallizable oBAMO blocks, facilitating the
formation of crystallites. The degree of crystallinity for the structures (AB)n and B(AB)n with a predetermined ratio and the same molecular weight of oligomeric units

unchanged. With higher molecular weight of oAMMO, crystallinity degree of the copolymers (AB)n is above.

� Calculated crystallite sizes are within 60-950 °А.

� The copolymer B(AB)n and A(AB)n has approximately the same
minimum and maximum effective crystallites sizes (Fig. 4), opposite to
sample with (BB)n structure, where size of crystallites. Namely, the

connection of chain end group maximum and minimum values are
widely spread. This can be related to structural features of copolymers,
that lead to decrease of the maximum to main polymer leads to

irregularities in structure and it facilitates the formation only primary
supramolecular structures, unlike with copolymers (BB)n and (AB)n with
regular structure and without end groups.

� Average crystallite value calculated by the Williams-Hall method (Fig.5)
for (AB)n and B(AB)n structures also increase with increasing of

oAMMO in copolymer. The increase soft oligomeric matrix for the
structure (AB)n promotes the formation of secondary
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Figure 5: Average crystallite size

calculated by the William-

Hall method for various

structures

(AB)n structure

B(AB)n structure

1- (BB)n, 2- A(AB)n, 3 - B(AB)n_3, 4 - B(AB)n_2, 5 - B(AB)n_1, 6 - B(AB)n_0, 7

- (AB)n_5, 8 - (AB)n_4, 9 - (AB)n_3, 10 - (AB)n_2, 11 - (AB)n_1, 12 - (AB)n_0

Figure 1: Characteristic diffraction patterns of urethane copolymers

AMMO BAMO

� The results of defectiveness for the copolymers show, that the copolymers
AMMO BAMO have high values of the first kind defectiveness of

crystallites, which characterizes the shift of lattice sites positions from
theoretical values. Defectiveness of the second kind, which characterizes
the infringement the order of the lattice sites at large distances, has quite

low value.
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As known, nitrogen-rich compounds have been received increasing attentions as promising candidates for high energy- 
density materials (HEDM) which used for energy storage and as propellants and explosives. The performance of a high 
explosive is measured by its detonation velocity and detonation pressure.These parameters are determined by the oxygen 
balance, density and heat of formation. The higher the oxygen balance,  density and  heat of formation,  the better the 
performance .  These nitrogen-rich compounds exhibit large positive heats of formation and good oxygen balance because 
of their high nitrogen content and a large number of N - N and C - N bonds. These high nitrogen energetic materials often 
show remarkable insensitivity toward electrostatic discharge, friction, and impact. The decomposition of  these compounds 
results predominantly in the  generation of  dinitrogen which makes them very promising  candidates for applications 
requiring environmentally friendly, highly energetic materials. Generation of nitrogen  gas as a  decomposition product of 
energetic materials is desired to avoid environmental risk. Recently, the combination of an  azo group with high nitrogen 
heteroaromatic rings has been extensively studied because the azo linkage not only desensitizes but also dramatically 
increases the heats of formation of high-nitrogen compounds. Because of the lack of methodology for preparing such 
compounds, mostly these azo compounds  which the azo group  attached to the nitrogen atom in tetrazole ring  are 
obtained by treatment of N-amino tetrazole with special oxidant and they are symetrical azo compounds.  

Thermal Properties

DSC and TG measurements to determine the thermal behavior of compound (4) were carried out with a heating rate of 5 oC/min 
using dry oxygen-free nitrogen as an atmosphere with a flow rate of 30 mL/min. Typical TG-DTG and DSC thermographs of (4) are 
shown in Fig. 3 with the temperature ranging from 50 oC to 350 oC. The compound 4 has a broad exothermal temperature range with 
an onset decomposition temperature of 124.4 oC, which is higher than that of (1) (80 oC) and (2) (112.5 oC). There is the mass loss of 
81.7 % in the TG-DTG curve corresponding to the exothermal temperature range in DSC curve.

Detonation Properties

The comparison of detonation properties of some energetic compounds with compound 4

Compoud
ρ

[g·cm-3]
D[c] [km·s-1]

Q[d]

[J·g-1]
P[e] [GPa]

Δf Hm
[f] 

[kJ·mol-1]
Tdec 

[g]

[oC]

1 1.774[a] 9.185 - 36.10 1030.00 80

2 1.482[a] 7.320 5078.42 20.99 986.05 127.2

4 2.041[b] 8.730 6363.38 36.29 1081.779 150

TATB[h] 1.790[a] 7.840 5390.75 27.16 75.86 -

TNT[h] 1.650[a] 7.190 4271[i] 21.72 69.75 -

Note: [a] Density from X-ray diffraction; [b] Density from calculation with Semi-empirical quantum 
chemistry method of PM6; [c] Calculated detonation velocity; [d] Heat of explosion calculated by 
using Gaussian 03 (with 83.68 kJ mol-1 as the enthalpy of sublimation for each compound); [e] 
Calculated detonation pressure; [f] Calculated molar enthalpy of formation; [g] Temperature of 
decomposition; [h] Data from reference [13]; TATB: 1,3,5-triamino-2,4,6-trinitrobenzene. TNT: 
trinitrotoluene.; [i] Experiment value.

The unsymmetrical N-azo tetrazole compound with N8 structure was readily synthesized and well characterized. It shows high positive heats of formation and relatively excellent thermal stability than compound (1) and (2). Additionally 
the path to synthesize compound (4) enriches the methodology for synthesizing high nitrogen content compounds with polynitrogen chains.
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TG and DTG spectrum DSC spectrum

5-(dinitromethylene)-1,4-bis((2,4-dinitrophenyl)diazenyl)-4,5-dihydro-1H-tetrazole(4) was obtained by N-azo coupling reaction of sodium 5-dinitromethyl- 
1H-tetrazolate with 2,4-dinitrophenyl diazonium salt solution(prepared by treatment of 2,4-dinitroaniline with nitrosyl-sulfuric acid solution). Yield: 40%, as 
solid. 1H-NMR(Acetone-d6 , TMS, δ/ppm): 8.98 (d, 1H), 8.84 (d, 1H), 8.47 (t, 1H); 13C-NMR(Acetone-d6 , TMS, δ/ppm):149.7, 145.7, 142.5, 129.5, 128.3, 
127.3, 121.4; IR(KBr): ν = 3104, 3084, 3055, 1618, 1556, 1410, 1380, 1347, 1256, 1060, 921, 846, 834, 752, 739 cm-1.
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Figure 2 General method for preparing unsymmetrical azo compounds
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Relatively, the unsymmetrical azo compounds refers to series of compounds with the azo group attached to 
different substituted groups and they possess more diversity than symmetrical azo compounds. General way to 
synthesize unsymmetrical azo compounds is reaction of phenyl diazonium salt solution with aromatic 
compounds. Additionally, there are no reports about synthesis of unsymmetrical azo compounds which the azo 
group attached to tetrazole ring. Herein the methodology for preparing unsymmetrical azo compounds with N8 

structure  by treatment of  sodium 5-dinitromethyl-1H-tetrazolate with 2,4-dinitrophenyl diazonium salt solution 
is first reported. The target polynitrogen compound possesses relatively excellent thermal stability and 
sensitivity. This type of  N-coupling reaction of polynitro benzene diazonium salt with nitrogen-rich heterocyclic 
compounds also enriches the methodology for synthesizing such polynitrogen compounds.

Figure 3
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Introduction

The most research and technology critical issue in the area of field development is the
provision of high rates of hydrocarbon production keeping the most complete extraction of
resources. At the present time, the solution of the problem of productivity growth of oil fields is
complicated by the fact that the majority of oil fields in the midland are mature production fields.
The center of development is steadily shifting to the hard-to-reach regions of the planet; it
requires a lot of material and technical resources and labour force. At the same time, more than
half of established reserves are left in underground resources when the existing methods of
development and exploitation of fields are used. It is calculated that enhanced oil recovery at
the older developed oil fields of the country by one per cent is equal to the discovery of a new
large oil field with the oil production of several million of oil per year.

Methods of bottom hole treatment of oil wells (BTH) are essential in providing high rates
of crude oil production keeping the most complete extraction of resources. A gas pulse
processing technique of oil well treatment is one of such BTH methods. The existing method
uses a gas pulse generator filled by nitrogen gas at the well head, the pressure being 60-
120MPa. A generator is a pressure-tight thick walled cylinder, it goes down into a well by means
of a logging cable and is installed in the section of productive formation. After lowering, a valve
is activated, and short-term pulse gas supply occurs through existing nozzles at the speed
exceeding acoustic speed. When the gas flows, local strokes of gas jet in the log interval as
pulsed waves of compression – extension (discharge) take place.

Existing pulse generators possess a number of essential drawbacks, examples of these
include the danger of operations on filling up a generator by high pressure gas on the daylight
surface, herewith, inert gas has no heating capacity, in particular, the temperature promoting
melting and removal of asphaltene, resin and paraffin deposits from the bottom-hole area during
pulse treatment. Aside from that, the system of depressurization of nozzle orifices is
complicated and unreliable.

Methodology

In the research, combustible composite material is used as an active agent; it consists of
ammonium nitrate, potassium bichromate, epoxide resin, a hardening agent Agidol, and a
plasticizer EDOS (a mixture of polyfunctional compounds including oxygen-containing cycles,
hydroxyl and ester groups). The gas-generating ability of the active agent is no less than
800l/kg.

The research was performed at the stand unit of alternating pressure, simulating an oil
well (Fig.2). It consists of a thick-walled cylindrical vessel which diameter is 122 mm and
height is 1.2 m; the full volume of the chamber is 14l for placing and burning samples in
liquid medium. There is a hole for a piezoelectric pressure sensor at the lateral side of the
vessel. Signal recording is performed by means of a computer (PC) as dependence of
pressure on time. Butt ends of the vessel are closed pressure tight by plugs and are held
down by covers. A power point for connecting electric circuit of the ignition unit of the pulse
generator prototype model to power supply is installed in the upper plug. Cables from the
ignition unit of the prototype model are connected to the power point on the plug. The vessel
is pressurized by plugs and covers. An electric pulse igniting a sample is delivered to the
initiation element from a control board located outside a booth.

The aim of the research is the determination of the operation capability of a new thermal-
gas-pulse generator where non-explosive solid fuel is used and which generates gases while
burning. This generator possesses advanced efficiency of pulse well treatment owing to the
formation of micro- and deeper fractures in bottom-hole formation region and the growth of
its permeability; reliability and safety of operation; it also has a simplified construction of a
submersible generator of pressure pulses. The opening of nozzle orifices is performed by
one membrane that provides high reliability of performance (Fig.1).



Results

The high gas-generating ability of the offered active agent permits to increase the efficiency of the active agent considerably and,
ultimately, the efficiency of well treatment owing to the generating of higher characteristics of pulse input, particularly, when the maximum
pulse amplitude makes up 1.1-1.35 of confining pressure of the treated reservoir, the pulse ontime being up to 1 min, and the frequency
being no less than 14-15 pulses. The specified characteristics of pressure pulses are conditioned by the fact that microfractures are
formed during the pulse treatment of the reservoir even at the pressures making up 1.1-1.2 of confining pressure, and deeper and longer
fractures are formed in the reservoir at pressures being equal to 1.3-1.35 of confining pressure. Higher intensity (pulse frequency is up to
14-15) and length of pulse pressures up to 1 minute promotes the opening and development of forming and existing fractures in the
bottom-hole formation zone, as well as, heating, melting and removal of asphaltene, resin and paraffin deposits, increasing reservoir
properties by that. During the discharge of combustion gases of the active agent from generator nozzle orifices the temperature of gases
makes up 650-700 о С, and during the interaction with borehole fluid the temperature does not exceed the boiling temperature of this
liquid. The latter makes up 300-350оС at borehole pressure being equal to 10-15 MPa, it is quite enough for heating and melting
asphaltene, resin and paraffin deposits during 1 minute, as the melting temperature of these deposits does not exceed 60-70 о С.
The novelty of this development also is that the active agent and the element of its initiation are performed as a single unit; and an
explosive element is produced as a membrane made of specified thickness metal sheet having a round form, it is fixed by a fitting
situated at the bottom part of the generator body, in the fitting there are nozzle orifices and a screw rod shaft with the possibility of its
shifting to the membrane, its opening and gas pressure releasing in the generator body on the daylight surface.
The recording instruments having fine-resolution performance were used, it was established, apart from the abovementioned interval of
pulse impact with the amplitude being equal to 1.1-1.35 of confining pressure and the length of pulses up to 1 minute, that before this
impact in borehole environment, at least, four short-time pressure pulses were formed, the first amplitude was equal to 73 MPa and is
comparable with the initial pressure built up in the generator during the combustion of the solid-fuel active agent. The frequency of
obtained pulses makes up about 10-3 sec. (Fig.3).

Thus, the thermal-gas-pulse impact takes place in two stages. At the
first stage, which can be called a stage of short-time pulse impact,
during the discharge of light-end products from nozzles the shock and
multiple reflection of shock waves from the wall of production casing
arise. Although the amplitude of pulses generated at this stage
exceeds confining pressure many times, owing to the their short
duration, probably in the interval of formation treatment, they can
develop only microfractures, promote the destruction of colmataging
material transferring it into suspended state, as well as, decrease fluid
viscosity.
At the second stage pressure pulses are arisen as a result of the gas
bubble formation and pulsation. Though their amplitudes have
comparatively small magnitudes, their duration (up to 1 minute)
proceeds in the mode of loading-uploading (repression-depression
impact), it can lead to the broadening of microfractures, penetration of
heated gases into perforation tunnels, and melting of asphaltene, resin
and paraffin deposits.
Development field operations conducted at oil deposits of Russia
confirmed that the efficiency of the given technology made up about 1-2
tons of oil per day according to the average incremental oil rate.

Conclusions

The pulse generator of pressures for the treatment of oil wells based on the combustible composite material was
developed, and research to determine its performability in the environment simulating an oil well was conducted. It was established that
the functioning of the pulse generator of pressures had two stages, the first one was short-time (to 0.005 sec) with high pressure to 73
MPa, it provided the formation of microfractures and destruction of colmataging materials. The second stage conditioned by the bubble
pulse was longer, but the level of pressures was less. It lead to broadening of microfractures and melting of colmataging materials by
highly heated products of solid fuel composite material burning. The efficiency of the proposed pulse generator is confirmed by the
development field operations conducted at oil deposits of Russia.
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ABSTRACT

The mechanisms of combustion process of the metal-containing compositions on the basis of semi-water

Calcium sulfate in the conditions close to borehole ones were researched. Opportunity of using of the 

effective pyrotechnic structures for oil well treatment  in purpose of increase of oil producing was 

estimated.

1. INTRODUCTION

The mechanisms of combustion process of the metal-containing compositions applied to the semi-water calcium sulfate in the conditions close to borehole
ones were researched. Possibility of using of the effective pyrotechnic structures for oil well treatment in purpose of increase of oil producing was estimated

Nowadays the methods with the using of burning process for the bottom-hole zones (BHZ) treatment are practiced widely. The basis of the methods of oil
recovery growth is made by the three types of the effect on the bottom-hole formation zone: pressure, heat and chemical reactions. Every types of effect (or

their combination) are realized in the process of the working of thermogasgenerators.
2. EXPERIMENTAL DATA

The thermal-gas-chemical effect (TGCE) is based on the using of thermal, chemical energy and mechanical impact on the BHZ [1, 2]. The efficiency of this
method of influence isn’t defined only by quantity of external heat, at the same time by the using of chemically aggressive, heated up to high temperature

products of combustion, which get into cracks of productive formation, broke and delete from them solids carbon deposition and emulsions as working
substance.

All compositions for the comprehensive effect impact on the BHZ may be divided into several large groups, based on their origin. These are ballistics fuels,
mix solid propellants, mix compositions and the high metal-containing pyrotechnical compositions (HMPC). HMPС haven’t capacity to detonation in contrast of

other compositions, but have high density, which increase the characteristics per volume unit, especially important in limited internal space of oil well. The
wellbore water is used in process of their combustion as oxidizer, it is reason of increasing energy composition characteristics per mass unit [3]. However, the

rather high hygroscopicity and solubility such inorganic salt as nitrates of metals, used as oxidizers, essentially complicates manufacturing technique of the
thermogasgenerator on their basis and leads to decrease of the thermodynamic, physical and chemical characteristics of structures in the course of storage

and operation what is the reason of increasing number of refusals in the process of operating of thermogasgenerator and the reason of decreasing of
technological safety in the process of using such kind of product on oil wells. One of the shortcomings of HMPС is high sensitivity to thermal and mechanical

influences, is rather high combustion rate and big dependence of combustion rate from external pressure, and low thermostability of salts of nitric acid, their
high cost price as well.

The researches of composition’s combustion on air in atmospheric conditions showed that characteristics of
the compositions on the basis of sulfate in some cases aren’t worse than well-known compositions with nitrates of metals, and sometimes even surpass

them.
Considering high thermostability, low sensitivity of the calcium sulfate, and also low sensitivity to mechanical and thermal actions of compositions on the

basis of calcium sulfate, it might be supposed that it can be used as an oxidizer in metal-containing compositions for thermogasgenerators for oil well treatment
in purpose of increase of oil production.

A number of researches of combustion in water at increased pressure were made for obtaining information about behavior of modeling compositions in the
conditions approximate to oil wells. Such parameters as the high pressure and the liquid medium may be realized in laboratory in cases of combustion of

prototypes in the closed and half-closed spaces. Gaseous products of combustion will develop required high pressures. The various characteristics such as
stability of combustion of sample, the law combustion rate, the average combustion rate and the maximum pressure were defined during experiments.

The researches about influence of the magnesium quantity in compositions based on semi-water calcium sulfate on dependence of combustion rate in water
from pressure showed that combustion rate increases with the increase of metal quantity (the table).

Comparing dependences of combustion rate in water from pressure of compositions based on semi-water calcium sulfate and sodium nitrate with the
quantity of magnesium of 53 % it is possible to note that unlike the nitrate composition having the law combustion rate of U=2,8*Р0,47 over the range of

pressure 0,1÷25,0 MPa, compositions based on calcium sulfate over the range of pressures 0,1÷1,0 MPa has strong dependence of combustion rate from
pressure, and this dependence considerably weakens over the range of pressure more than 1,0 MPas.

Table 2 – The law combustion rate of compositions based on semi-water calcium sulfate

Quantity of metal in the composition, %
The law combustion rate over the range of pressures

0,1÷1 MPa More than 1 MPa

43
48
53

U=2,96·Р0,50
U=3,76·Р0,53
U=3,99·Р0,54

U=13,02·Р0,06
U=14,45·Р0,09
U=16,11·Р0,10

The results show that the insignificant increase in dependence of combustion rate from pressure is observed with increase quantity of metal in the 
composition from 43 to 53 %,  the factor ν grow up (from 0,50 to 0,54). This mechanism of combustion is characteristic for pressure below 1,0 MPa. 

Dependence of combustion rate from pressure weakens at more high pressures dramatically; the highest point factor ν is achieved for quantity of metal in the 
composition of 53%

Considering that each oil well has special characteristics (watering of liquid phase, density of liquid, pressure, temperature, and so on), efficiency of oil well 
treatment by thermogasgenerator will depend on properties of oil wells. The analysis of strategy of thermogasgenerators in the conditions of oil wells and, in 

particular, in those mediums which are component of oil well liquid is necessary for the solution of questions connected with development new and improvements of 
available technologies, and for safety of application of thermogas generators. 

The experimental dependences of linear combustion rate and the maximum pressure of compositions from the quantity of oil in the liquid medium were shown by 
the results researches. The results of researches are represented on the Fig. 1 and 2. It is possible to note that curve lines of linear combustion rate and the 

maximum pressure have extreme character with maximum in extreme point (31 mm/sec and 30 MPa respectively) in oil-in-water emulsions at the quantity of oil of 
50 %.

3. CONCLUSIONS

Thus, the researches demonstrated that the compositions containing metal fuel and calcium sulfate are able to independent combustion in conditions of well 

liquid. They have slight dependence of combustion rate from pressure at high pressures that make them perspective for subsequent study. Excess of metal fuel 
contributes to allocation of additional heat and gaseous products on account of interaction with water of borehole fluid as oxidizer. As a consequence the necessary 

quantity of heat per mass unites and moreover per unit volume of charge energy carrier rises dramatically. These compositions, being packed and formed as 
monolithic block, have a number of technological and operational advantages. Blocks of burning-down elements don’t sensitive to detonation, their combustion in the 

closed spaces isn't able to pass to explosion, and they have high density.
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Introduction

Casing perforation is very important in oil production technology.  It implies the implementation of pressure communication 

between a reservoir and a well after the running of an operating column and cement injection between this column and the 

reservoir. In most cases, the casing perforation is performed by an explosive method with special perforating explosive equipment, 

that is, cumulative perforators. During the penetration into the reservoir, jet stream breaking through perforation tunnels in the 

bottom-hole area changes the structure of void space in near-tunnel area, worsening its reservoir properties and not permitting to 

get potentially-enable well-flow rates. In this regard, after the perforation, the necessity to carry out additional activities on 

intensifying reservoir recovery arises. One of the most common and efficient methods of intensification of oil recovery is acid 

treatment. The treatment of carbonate reservoirs is performed by hydrochloric acid solution and terrigenous reservoirs are treated 

by the mixture of hydrochloric acid and fluohydric acid, which is also called as drilling mud acid. However, from the engineering, 

technical and economic points the abovementioned method is inefficient and unprofitable, especially in free market economy. The 

causes are the duration and   complexity of technologies, the usage of substantial quantities of chemical agents, large 

expenditures on their transportation, storing, preparation of working solutions and their pumping into the bottom hole from the well-

head; units and transport carriers connected with the increased environmental hazards being used.       

To overcome the abovementioned drawbacks a new method of complex well perforation permitting to perform

simultaneously perforation and thermal acid treatment of bottom-hole area has been developed at the department of Technology

of Solid Chemical Substances of Kazan National Research Technological University.

The proposed method is implemented by placing a chemically active element having a cylindrical form with an axial

channel before the cumulative charge. During explosive transformation the chemically active element can generate hydrochloric

acid (for carbonate reservoirs) or drilling mud acid (for terrigenous reservoirs). For commercial purposes the energy rich

formulation of the chemically active element is pressed into the retainer bushing of the cumulative charge of the perforator (see

Fig.1). When the base charge of explosives is activated (3) it initiates the chemically active element (6), and highly heated light-end

products of its decomposition swoop down into the holes through the tunnel following the stream. As the result of the directed flow

of high activity heated gaseous acid directly into the tunnel formed by the cumulative stream the thermal gas chemical impact on

the canal area of the reservoir occurs. Herewith, as the research results indicate, during such impact on the reservoir, both the

improvement of filtration characteristics of the canal area and the increase of perforation tunnel dimensions take place, viz. the

diameter is increased by 1.2-1.5 times and the depth rises by up to 1.2 times.

Methodology

Two chemically active element designed for the perforation and treatment of carbonate reservoirs contains 50%. wt. of ammonium perchlorate (APC) as an oxidizing agent and 50% of

hexachloroethane (HCE) as a combustible and acid-generating component;

1) the chemically active element for the treatment of terrigenous reservoirs contains 50% of ammonium perchlorate, 25% of hexachloroethane, 25% of polytetrafluorethylene.

Polytetrafluorethylene is used as a combustible and acid-generating component (for the formation of fluohydric acid).

As an alternative substitution for hexachloroethane the chemically active element polyvinylchloride chlorinated (PVC) was suggested to use in formulations.

To determine the regularities of the stabilizing effect types of chemically active elements are used in the research:

1) the of PTFE the series of experiments were conducted to study the change of the weight of pressed cartridges during the storage at normal temperature and at temperatures 50ºС and

70ºС during 2 hours after manufacturing. PTFE substituted for a part of hexachloroethane in the chemically active element designed for the treatment of carbonate reservoirs.

The method of differential thermal analysis (DTA) to define the temperatures of phase transitions occurring in compositions of the chemically active element during heating, thermal

stability and chemical compatibility of components is used.

During the storage of the pilot lot it became clear that pressed samples of the chemically active

element for the treatment of carbonate reservoirs were physically unstable. The considerable growth of

the height and diameter of explosion cartridges as well as the weight loss (to 18%) and structure

shattering (see Fig.2) is observed. The uncontrolled growth of cartridges and the change of their

composition can negatively influence both the safety of cartridge handling and functional characteristics.

It was noted that the cartridges of the chemically active element designed for the treatment of terrigenous

reservoirs did not undergo considerable changes.

The provision of physical stability of commercial pyrotechnic compounds is the essential real-world

problem, as in Russia there are strict requirements concerning guaranteed storage life of such materials,

it is no less than 1 year.

As it may be supposed, polytetrafluorethylene (PTFE) has stabilizing effect in the cartridges of the

chemically active element designed for the treatment of terrigenous reservoirs. The goal of the research

is the identification of regularities and mechanism of the stabilizing effect of polytetrafluorethylene.

1 – shock absorber, 2 – body, 3 – explosive charge, 

4 – casing, 5 – collar, 6 – chemically active element

Figure 1 – Cumulative charge with a chemically active 

element

Figure 2 – Cartridges of the chemically active element after 6 months of storage

Results

The research determined that PTFE possessed strongly marked stabilizing effect even if the content was small (about 5%), loss in sample weight made up only 0.3-0.4%. As ammonium

perchlorate is a stable substance, both chemically and physically, the temperature of thermal decomposition beginning being about 300 ºС, it can be supposed that loss in weight occurs owing

to the hexachloroethane sublimation (the traces of a liquid phase were not observed). The authors assumed that the stabilizing effect was connected with the fact that PTFE, being a very

plastic, bridged over pores and capillaries, preventing thus the release of a gas phase at the cartridge border. However, the formulations containing PTFE can not be used for the treatment of

carbonate reservoirs as the formed salts of fluohydric acid while precipitating contaminate void space of near-canal zone. For this reason, the search of other substances having similar

properties of a combustible and acid-generating component but without disadvantages of hexachloroethane, in particular, the sublimation low temperature is a promising direction in the

solution of the stabilization problem.

Figure 2 – Cartridges of the chemically active element after 6 months of storage



The research determined that PTFE possessed strongly marked stabilizing effect even if the content was small (about 5%), loss in sample weight made up only 0.3-0.4%. As

ammonium perchlorate is a stable substance, both chemically and physically, the temperature of thermal decomposition beginning being about 300 ºС, it can be supposed that loss in

weight occurs owing to the hexachloroethane sublimation (the traces of a liquid phase were not observed). The authors assumed that the stabilizing effect was connected with the fact

that PTFE, being a very plastic, bridged over pores and capillaries, preventing thus the release of a gas phase at the cartridge border. However, the formulations containing PTFE can

not be used for the treatment of carbonate reservoirs as the formed salts of fluohydric acid while precipitating contaminate void space of near-canal zone. For this reason, the search of

other substances having similar properties of a combustible and acid-generating component but without disadvantages of hexachloroethane, in particular, the sublimation low

temperature is a promising direction in the solution of the stabilization problem.

Based on the analysis of properties of various chlorine-containing components, polyvinylchloride chlorinated containing 64% mass weight of chlorine was suggested as an

alternative to hexachloroethane. Thermodynamic calculations indicated that polyvinylchloride chlorinated in the mixture with ammonium perchlorate permitted to get hydrogen chloride

with the mass weight up to 0.5 with reference to the weight of the initial solid formulation. The main disadvantage of these mixtures is considerably less density of pressed cartridges in

comparison with the formulations containing hexachloroethane, that, in the context of limited dimensions of the product, contributes less to the efficiency of chemical agents. The

application of hexachloroethane appears to be more profitable as the increased density and chlorine content (90%) make it attractive for using in complex perforation. In this regard, the

research of formulations containing both polyvinylchloride chlorinated and hexachloroethane in the composition of a chemically active element is of interst. As polyvinylchloride

chlorinated is a polymer with good enough plastic properties and has high thermal stability (about 200 °С) and has no phase transitions, it can be expected to get the stabilizing effect of

this component by analogy with polytetrafluoroethylene.

The reverse occurred with the three-component formulation containing hexachloroethane. The fresh–

prepared formulation has also endo- and exo-effects similar to individual substances, that is, 54-57°С,

polymorphic transformation of hexachloroethane (the change of a rhombic structure into a triclinate one);

155°С is the beginning of thermal decomposition of hexachloroethane. After 6 months of storage the

formulation has no thermal effects which are characteristic of hexachloroethane and is practically identical to

the two-component formulation of ammonium perchlorate and polyvinylchloride chlorinated. It permits to

make the conclusion about the complete sublimination of hexachloroethane during storage. However, the

possibility of chemical interaction of mixture components cannot be excluded.

To check the formulations on the possibility of chemical interaction between the components of the

chemically active element the research of the fresh-prepared formulation of 50% of ammonium perchlorate.

30% of hexachloroethane, 20% of polyvinylchloride chlorinated and the research of the same formulation

kept during 6 months was carried out by means of infrared spectroscopy. The infrared spectrum of the fresh-

prepared formulation contains absorption bands:

- 3290, 1425, 1112, 625 cm–1 relating to ammonium perchlorate;

- 782, 673 cm–1 relating to hexachloroethane;

- 743, 165 cm–1 relating to polyvinylchloride chlorinated;

- absorption bands in the region of 3403, 2924, 1620 cm–1 can be related both to hexachloroethane and

polyvinylchloride chlorinated;

absorption bands in the region of 2360 cm–1 can be related to any of the components.

The infrared spectrum of the formulation kept during 6 months contains absorption bands:

- 3297, 1421, 1080, 625 cm–1 relating to ammonium perchlorate;

- 741, 1654 cm–1 relating to polyvinylchloride chlorinated;

absorption bands in the region of 2360 cm–1 can be related to any of the components.

It can be concluded from the analysis of infrared spectra that there is no chemical interaction between the

investigated components of the chemically active element even during long-term storage (peaks typical for

new chemical compounds are not detected). Herewith, there are no traces of hexachloroethane after 6

months of storage, it confirms the suggestion about its sublimation as the main cause of instability of pressed

cartridges of the chemically active element.

Conclusions

The research of the physical stability of energy rich compounds of the chemically active element for the treatment of carbonate oil reservoirs is performed. It is established by

differential thermal analysis and infrared spectroscopy that hexachloroethane sublimation is the cause of instability of physical characteristics of pressed cartridges of the chemically

active element.

The stabilizing effect of polytetrafluoroethylene, grade F-4, is established, it is explained by the fact that F-4 being a very plastic substance, bridges over pores and

capillaries, preventing thus the release of a gas phase at the cartridge border. Polyvinylchloride does not possess the similar stabilizing effect, however, it can be used as a physically

stable component of the formulation of the chemically active element. Pressed cartridges not containing hexachloroethane preserve the weight and geometrical dimensions when stored

in a heated warehouse during 6 months.

a b

ba

Figure 3 - Thermogravimetry of the formulation: 50 % ammonium 

perchlorate and 50% polyvinylchloride chlorinated; a – fresh-prepared, 

b – 6 month storage

Figure 4 - Thermogravimetry of the formulation: 50 % ammonium 

perchlorate, 30 % hexachloroethane; a – fresh-prepared, b – 6 month 

storage

To find out if polyvinylchloride chlorinated possesses the stabilizing effect by analogy with

polytetrafluoroethylene the regularities of the weight change of pressed cartridges at various content of

polyvinylchloride chlorinated and hexachloroethane were established. As the cartridges are designed

for using in package with cumulative charges of the perforator in borehole environment the following

conditions for conducting the experiments were chosen, viz. the exposure time being 2 hours, the

exposure temperature being 100ºС. The choice of conditions can be justified by the fact that

perforating at the oil deposits of Russia is predominantly carried out according to cable technique (a

perforator goes down by the cable line), and the duration of going down does not exceed 2 hours, the

bottom hole temperatures of the majority of oil deposit also do not exceed 100ºС. The research results

are given at Figure 5.

Analyzing the obtained data it should be noted that the formulation 50 APC-50 APC remains stable

even at increased temperature (1% loss in weight can be connected with water evaporation). When

hexachloroethane was introduced into the formulation the cartridges began to lose weight

considerably. Moreover, the loss in weight practically corresponds to the percentage of

hexachloroethane. According to this regularity it can be assumed that the loss in weight occurs owing

to hexachloroethane sublimation. The increase of polyvinylchloride chlorinated content does not lead

to the expected stabilization of the cartridge in regard to the loss in weight.

Figure 5: Weight change

а b а b

а – APC / HCE / PVC formulation= 50/30/20 with a sealing film, 
б –APC / APC formulation = 50/50

Figure 6 – Cartridges of the chemically active element after 6 month storage

The sublimation of hexachloroethane from pressed cartridges can be excluded providing the reliable

hermetization of the product, however, the application of sealing materials during the product usage in

borehole environment is undesirable owing to the risk of pollution of the perforation tunnel. Figure 6

shows he photos of the samples of the chemically active element with the pressed-in compounds 50%

APC+30% HCE+20% PVC and 50% APC+50% PVC. The first sample was hermetically sealed by

polymer film and adhesive, the second sample was open. After 6 months of storage in a heated

warehouse the samples undergo no changes as regard both dimensions and weight. The structure of the

canal also remained as there is no shrinking or loosening of energy rich material.





An urgent problem  

in industries of energy materials  

in all countries at the moment is 

 to clean the exhaust gases of toxic substances.  

The use of well-known traditional methods and devices does not  

provide the needs of the modern methods of purification of gas emissions. There is a 

 need for development and introduction of power-intensive materials, fundamentally new high-performance approaches,  

devices and catalysts for the reduction and efficient cleaning of exhaust gases to manufacture. The main components of exhaust gases in the 

productions mentioned before are vapors and mist of nitric acid, nitrogen oxides, the mist of sulfuric acid and sulfur dioxide. 

An analysis of a new technology, machinery and 

catalysts application’s results dedicated to solving of 

ecological problems of energy-saturated materials’ 

manufacturing  
Petrov V.I., Makhotkin A.F., Khalitov R.A., Makhotkin I.A. 
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Kazan National Research Technological University (KNRTU) 

Scientific researches of physical and chemical processes that occur during 

the catch vapors and mists of nitric acid helped to develop effective and 

compact absorbers with vortex devices and fiber filter elements. 

The illustrations 1,2,3 represent the different vortex exhaust gases 

purification devices (single-stage and multi-stage). 

 Single-stage vortex installation of purify the waste gases  
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Comparison of the effectiveness of various industrial apparatus 

for purification degree of gases  

 
1 - brand new multistage vortex 

device Kotovsk city, 2- new single-

stage vortex devices Shostka city, 3 - 

operating on a foreign project 

packed absorption tower Alexin city, 

4 - no packed absorber Kotovsk city, 

taken in the United States. 

Vortex of sulfuric acid monohydrate 

absorber downflow phases [1,2,3] 

1 - body, 2 - cover, 3 - bottom, 4-plate, 

5 - swirl ring, 6 - pin socket, 7, 8 - gas 

duct 9 - gas duct collector, 10 - swirl 

ring collector, 11 - the central nozzle, 

12 - collector; 13 - a branch pipe, 14 - 

a manhole 

 Vortex ferrosilid column for concentrating the 

sulfuric acid [4] 

1 - the first productional stage in the column  2 - ferro 

silido contact stage, 3 - absorption stage 4 - splashes 

sets of slip level 5 - cover, 6 - demister, 7, 13 - overflow 

acid line, 8 - vertical gas inlet channel 9 - horizontal 

channel, 10 - one-nozzle vortex unit 11 - ferro silido 

bottom, 12 - hollow side-bar, 14, 15 - a branch pipe, 16 - 

a branch pipe procleaning, 17 - side-bar, 18 - pin 

branch pipe, 19- swirl ring, 20 - rotameter, 21 - valve, 22 

- faucet. 

Multi-stage vortex-

absorber embedded in 

Kotovsky plant   

Multi-stage vortex-absorber of ammonia 

for cleaning the exhaust gases in the 

production of carbamide   

Installation of catalytic purification of exhaust gases containing nitrogen oxides.  
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Complex of potassium-5,7-dihydroxy-4,6-dinitrobenzofuroxane - surround a flame 

retarder cellulose nitrate 
 Vasyutina E.A., Yusupova L.M., Eneikina T.A., Selivanova L.I. 

Kazan National Research Technological University, 68 Karl Marx street, 420015 Kazan 

Republic of Tatarstan Russian Federation 

SYNTHESIS OF THE COMPLEX OF POTASSIUM-5,7-DIHYDROXY-4,6-DINITROBENZOFUROXANE 
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Figure 1: Synthesis scheme of the 

complex of potassium-5,7-dihydroxy-

4,6-dinitrobenzofuroxane  

Number of 

experiment 
DMSO Nonoxynols CTAB 

Temperature, 

ºС 

Time, 

min 

Yield, 

% 

1 - - - 75 180 79,5 

2 + - - 60 180 63,6 

3 - + - 60 90 81,3 

4 + + - 60 60 77,7 

5 - - + 40 360 72,3 

6 - - + 50 90 74,2 

7 - - + 60 60 Gum 

Table 1: Conditions for the complex of potassium- 5,7-dihydroxy-4,6-dinitrobenzofuroxane 

IMMOBILIZATION THE COMPLEX OF POTASSIUM -5,7-DIHYDROXY-4,6-DINITROBENZOFUROXANE ON THE CELLULOSE NITRATE 

Table 2: The dependence output complex of potassium-5,7-

dihydroxy-4,6-dinitrobenzofuroxane (DHDNBFO) of additives 

Number of 

experiment 

Nonoxynols 

weight.% 

DMSO, 

weight% 

Calculated 

complex of 

potassium 

DHDNBFO 

in the 

modified 

NC, 

weight% 

The actual 

content 

complex of 

potassium 

DHDNBFO in 

the modified 

NC, weight% 

1 5 10 30 17 

2 0,2 3,8 10 8,64 

3 0,2 3,8 5 4,22 

4 0 3,8 10 8,08 

Figure 2: Microscopic images of the modified cellulose nitrate containing 

10% of complex of potassium-5,7-dihydroxy-4,6-dinitrobenzofuroxane:  

a - resolution 50 times; b - resolution 100 times; c - resolution 200 times 

a b c 

Sample Sensitivity to the impact, % (Р=10 kg, Н=25 cm) 

Cellulose nitrate 92 

Modified cellulose nitrate 92 

Table 3: Sensitivity to the impact of the original cellulose nitrate and 10% of the 

modified complex of potassium DHDNBFO NC (samples 5-6% moisture) 

THE STRUCTURE OF THE MODIFIED 

CELLULOSE NITRATE 
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Figure 3: Radiographs (a) of pure cellulose 

nitrate and (b) a modified cellulose nitrate 

10 wt.% complex of potassium-5,7-

dihydroxy-4,6-dinitrobenzofuroxane 

Figure 4: IR spectra of samples:  

1-Cellulose nitrate+complex of 

potassium DHDNBFO;  

2-Cellulose nitrate;  

3- Complex of potassium DHDNBFO 

MANOMETRIC TESTS OF SAMPLES CONTAINING SPHERICAL POWDER 10 WT.% 

COMPLEX OF POTASSIUM 5,7-DIHYDROXY-4,6-DINITROBENZOFUROXANE  

(1) sample 1  Pmax=2278  

(2) sample 1  Pmax=2303  

(3) sample  2   Pmax=1804 

(4) sample  2   Pmax=1823 

(5) sample  2   Pmax=1823 

t=4 мs 

volume manometric bomb - 34 cm3 

loading density - 0.17 g/cm3.  

Sample 

Moisture 

content, 

% 

Fractional 

composition, 

mm 

Bulk density, 

g/cm3 

Ballistic performance 

The mass 

charge, g 

Speed of the 

bullet average, 

V10, м/с 

The pressure of powder 

gases, average, MPa 

(kgf/cm2) 

1 0,2 0,16-0,315 0,495 
0,09 3241,2 101,5 (995) 

0,1 3543 117,6 (1200) 

2 0,2 0,2-0,4 0,702 0,082 319 101,8 (998) 

Notes: 1 – Requirements of Specification 7506804-124-92 (sample 1): 0,070-0,090 g weight of the charge, the average 

velocity 315-325 m / s, the pressure of powder gases, average, no more than 117.7 MPa (1200 kgf/cm2); 

2 - Requirements of Specification 7506804-138-93 ("Temp-extras') weight of the charge 0,085-0,100 g, the average 

velocity of 320-330 m / s, the pressure of powder gases, average, no more than 117.7 MPa (1200 kgf / cm2); 

3 - Requirements of Specification 7506804-170-93 ("Cowboy 350"): weight of the charge is not more than 0.16 g, the 

average velocity 335-355 m / s, the pressure of powder gases, average, no more than 127.7 MPa (1300 kgf/cm2). 
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Figure 5. The curves of the dependence of  the pressure gasification and combustion of gunpowder : 

1 sample - operational  indesensitized monobasic spherical powders; 2 sample - monobasic 

spherical powders, containing 10% by weight complex of potassium DHDNBFO 

Table 4: The test results of samples of 5.6 mm rifle cartridges 

Thus, the density of the granules and dispersion as compared with unfilled powders and granules precluding phlegmatization, rendered possible to 

vary in a wider range when introduction of the complex of potassium-5,7-dihydroxy-4,6-dinitro-benzofuroxane  in spherical gunpowder. 



Explosive Ignition due to Adiabatic Shear

J.P. Curtis, AWE, Aldermaston, Berkshire RG7 4PR, UK
and Senior Honorary Research Fellow, Department of Mathematics, University College, London

Introduction
Safety continues to be of prime importance in the handling, processing and storage of 
explosives. Mechanical insults due to low speed impacts can cause substantial shear in an 
explosive, which is known to be a possible ignition source. Modelling the effects of shear with 
numerical continuum mechanics codes, such as finite element models or finite difference 
models, typically poses severe problems of mesh resolution and distortion. A novel ad-hoc
analytical model of the shearing and consequent reaction of an explosive is being developed to 
circumvent these problems. The goal is to gain insights into the physical and chemical 
processes at work in this ignition mechanism. In particular, the means by which thermo-
mechanical coupling can give rise to a reaction in an explosive is investigated. The explosive is
modelled as a purely plastic incompressible material. The equations of plastic flow are solved, 
which enables the calculation of the dissipation field in the explosive. A simple one-step 
Arrhenius reaction is used to predict the heating of the explosive due to the reaction stimulated 
by the temperature rise associated with the dissipation. For two explosives, PETN and an 
HMX-based explosive, the model is used to calculate the rise in temperature of the explosive 
as shearing proceeds until the critical temperature for the explosive is reached and thermal 
runaway results.

Previous Experimental Work
•Drop weight tests have been undertaken at the Cavendish Laboratory, Cambridge       
University by Field and co-workers.

•Small cylindrical pellets of PETN and HMX-based explosive were sandwiched 
between glass blocks.

•The sandwiches were supported from below and were impacted from above by a  
drop weight.

•Photography was used to identify potential ignition mechanisms.

•One such mechanism seen in PETN was ignition in shear bands.

•Field and co-workers comment that the heating localized in the shear plane is
presumably the reason that reaction initially spreads more rapidly in that direction 
than at right angles to it.

•Experiments show PETN is more sensitive to mechanical insults than HMX.

Mathematical Model of Shear 

y

z

x

u = U

u = 0

Velocity (u, v, w)

u = Uy/b

v = w = 0
Explosive

Model Assumptions
•Single homogeneous material

•Prescribed velocities of opposite parallel planes defining the shear band

•Velocity varies linearly between these prescribed values

•Incompressible flow

•Plastic flow

•Adiabatic flow – conduction negligible

•No modelling of slipping or friction yet

•Reaction modelled as a single-step Arrhenius reaction

•No treatment of hotspots
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Simulations
•To date two explosive materials have been simulated: an HMX-based PBX explosive 
and PETN. 
•The governing equations have been solved using an explicit numerical scheme which 
allows the time step to vary.
•Simulations have been run for a range of initial temperatures.
•The time until self-heating dominates and runaway occurs has been determined and 
is plotted using a logarithmic scale – needed because of the widely varying times at 
which reaction occurs.
•For each initial temperature this time is greater for the HMX-based explosive than for 
the PETN.
•This suggests that the PETN is the more sensitive explosive, which agrees with 
practical experience and with the results found by the author for pinch, published last 
year at the 38 th IPS in Denver.

Variables and Parameters
•Dynamic Compressive Strength Y

•Shear Band Width b

•Rate of Dissipation D

•Activation Energy E

•Molar Gas Constant R

•Pre-Exponential Constant A

•Density ρ

•Specific Heat cV

•Heat of Reaction Ω

•Extent of Reaction α
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Conclusions
•An analytical model of the ignition of an explosive by shearing has 
been developed.

•The deformation of the explosive has been assumed to be by 
perfectly plastic incompressible flow under adiabatic conditions.

•The reaction of the explosive has been modelled with a simple 
Arrhenius Law. 

•The heating of the explosive by the mechanical dissipation due to the 
shear deformation and by self heating due to the reaction have both 
been calculated. 

•For a given relative difference in speed across the shear layer the 
time required to reach the thermal runaway point with ignition of the 
explosive has been found as a function of initial temperature.

•The model has been applied both to an HMX-based explosive and to 
PETN. 

•It predicts the generally accepted relative sensitivities of these two 
explosives to mechanical insult: the PETN is again the more sensitive 
explosive, just as for previous results for pinch. 

•For higher initial temperatures less time is needed for the runaway to 
occur. 



A simplified computational model of the oxidation of
Zr:Al multilayers

M. Vohra1, T.P. Weihs2, O.M. Knio1

1Duke University, 2Johns Hopkins University

ABSTRACT

A computational model has been developed to characterize and predict the oxidation behavior in a
nanolaminate foil comprising 1:1 Zr/Al multilayers. The evolution of the foil temperature is described
using an energy balance equation that takes into account the oxidation heat, oxygen intake and ra-
diative heat loss. Experiments indicate that at early stages, the oxidation process is more closely
described using an interface-controlled growth regime. However, as the oxide layer thickens, transi-
tion to the diffusion controlled growth occurs. A computational model was consequently developed
that incorporates both regimes of oxide growth. The computations were implemented to estimate
the oxidation heat release rates and the temperature of the oxidizing foil, and to analyze the impact
of radiative heat losses. The temperature measurements were then exploited to characterize the
transition from interface-controlled to diffusion-limited growth regimes.

MOTIVATION

• Slow aerobic reactions in 1:1 Zr/Al foils
• High temperatures sustained much longer than

rapid formation reactions

• Temperature fluctuations during oxidation are
very small O(10−1)

• Study diffusion and interface controlled
growth processes
• Analyse transition from one growth regime to the

other

• Characterize oxidation in Zr/Al multilayers

ENERGETIC MATERIALS

Reactive bilayers

Ni

Al

λ

2 δ

x

Fischer et al.

Applications include ultra-high strength mate-
rials, high performance coatings, high perfor-
mance capacitors, smart materials for sensors.

Bio-Agent Defeat
• Micro-organisms in

biological weapons
produce fatal diseases

• Treating 100,000 anthrax
infected people would
cost 26 billion USD.

• Spores can survive for
years and have long
lasting adverse effects.

Spores, Bacillus Anthracis [1]

Innovation:
Develop a new class of composite nanoparti-
cles for efficient deactivation by chemical and
thermal means.

SUITABLE COMPOSITION

Experimental Revelations (Joress et al.)

Multilayered foil comprising Zr:Al bilayers,
when reacted in vacuum did not result in a tem-
perature plateau.

Foils comprising 3Al:2Ni and 3Al:Zr bilayers,
when reacted in air also did not result in a tem-
perature plateau.

Foil comprising Zr:Al resulted in a tempera-
ture plateau lasting for about 2-3 seconds, re-
quired for efficient decontamination. We de-
velop a model for oxidation Zr:Al multilayers.

NANOLAMINATE FOIL

Foil Specifications

Width Thickness Bilayer thickness # bilayers
12.2 mm 40 µm 81.5 nm 491

Figure: Oxidation of a single 1:1 ZrAl foil: (a) Pyrometer
being used for surface temperature (b) ZrAl foil after the
Oxidation is complete

THERMAL MODEL

no = Moles of the oxidizing intermetallic
at the onset of oxidation

n = Instantaneous moles of the oxidizing
intermetallic

φ = no−n
no

, Degree of conversion

Cp = Bulk averaged heat capacity of the
foil in J/m3/K

∆Hox = Enthalpy of oxidation of the
intermetallic in J/mole

do = Foil thickness at the onset of
oxidation

Cp
dT
dt

=

oxidation heat︷ ︸︸ ︷
−no∆Hox
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Parabolic rate constant (kp): Isothermal
conditions

∆m =
√
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[∆m : kgm−2; kp : kg2m−4sec−1]
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INTERFACE LIMITED GROWTH

Need for the model
Temperature plateau is observed experimentally
during oxidation which cannot be a described by
a diffusion controlled growth of the oxide alone.
A characteristic velocity, υ(T), is defined as:

dζ
dt

= υ(T)

Using the above growth rate, the rate of conver-
sion for an interface limited growth is obtained as:

dφ
dt

=
2υ
do

An overall rate of conversion is now estimated us-
ing the following criterion:

dφ
dt

∣∣∣
overall

= min
(

dφ
dt

∣∣∣
dif
,
dφ
dt

∣∣∣
int
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(a) ε=0.1 (b) ε=0.2
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(c) ε=0.3 (d) ε=0.4

CONCLUSIONS
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Experiment
Simulation

• Temperature plateau during oxidation of Zr:Al
• Oxide growth is initially interface limited
• Transition to diffusion controlled growth once

the layer thickens
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Structural and Electronic properties of PETN under pressure: a density functional theory study 
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Abstract 
We have systematically studied the structural and electronic properties of PETN (Pentaerythritol tetranitrate) crystal by density functional 

theory calculations under hydrostatic pressure (0-100GPa). When the pressure is exerted upon the crystal, the parameters (a, c and v), 

bond, dihedral angle of the molecular changed gradually. It is also the same for the change of band gap, density of states. At 95GPa, the 

structural transformation occurred which resulted in the unusual change of unite cell parameters as well as electronic properties. 

Computational methods 
Our first principle calculations were performed by CASTEP code of materials studio program in the framework of a general gradient 

approximation (GGA) and local density approximation (LDA). 

Results 
With the pressure increasing, the lattice parameter a and unit cell volume (v) decrease gradually. But there is something unusual for c that 

before 20GPa, c changes a little and nearly the same at different pressure, from 20GPa to 35GPa, c increase abnormally, from 35GPa to 

90GPa, c decrease gradually but at 80GPa c increase again. It is worth noting that the value of a and c both changed abnormally, c 

increased rapidly and a decreased sharply after 90GPa . These suggest the large changes in molecular structure have happened at 35GPa 

and 90GPa. 

                     
Fig.1 Lattice parameters as a function of pressure               Fig.2Calculated bond length as a function of pressure 

 

               0GPa                90GPa             95GPa 

Fig.3 The change of the crystal structure at different pressure 

The results show that the pressure can change the crystal structure, unite cell parameters (a, c and volume), band structure and density of 

states significantly. The results indicate that the crystal structure transformed at 95GPa. When the pressure is under 95GPa, the unite cell 

constant a and v decreased gradually, and for c, it is nearly the same when the pressure below 20GPa, from 20GPa to 30GPa, c increased 

a little and 30GPa to 95GPa it decreased again. At the point of 95GPa, a decreased and c increased rapidly which indicate the structure 

transformation occurred at 95GPa. 



Molecular dynamic simulation of trans-1,4,5,8-tetranitro-1,4,5,8- 
tetraazadacalin (TNAD) with some propellants 
Xiao-Hong Li, Xue-Hai Ju * 

Department of Chemistry, Nanjing University of Science and Technology, Nanjing 210094, P. R. China 

1. Introduction 

For a binary system, melting points are not appropriately estimated by the group contribution method. Recently, the 

molecular dynamics (MD) simulation has been applied to predict the melting point. The explosive tans-1,4,5,8-tetranitro-

1,4,5,8-tetraazadacalin (TNAD) is characterized as a promising high energy density material. Yan et al. studied the 

compatibility of TNAD with some commonly used energetic materials. Figure 1 gives the molecular structure of TNAD.  

MD calculations were performed to investigate the melting point of binary blending systems TNAD/HMX, TNAD/RDX, 

TNAD/DNP and TNAD/DINA. The changes in the melting point  were investigated. Using the simulated Tm, the 

compatibility of the four blending systems were analyzed. Further, radial distribution function and force field energy were 

also investigated.  

2. Model construction and simulation details 

 Four blending amorphous cells were constructed. Each amorphous cell consists of about 1700 atoms. TNAD/HMX cell 

consists of 28 TNAD molecules and 30 HMX molecules (Denote as 28/30). TNAD/RDX: 28/40; TNAD/DNP: 22/40; TNAD/

DINA cell: 28/36. The mass ratios of TNAD to HMX, RDX, DNO and DINA are all 1:1. The initial densities are obtained ac-

cording to the additivity of volume ratio for TNAD/HMX, TNAD/RDX, TNAD/DNP and TNAD/DINA blends. Because of con-

figurational diversity, for each pure amorphous cell and each blending amorphous cell, 10 different amorphous cells were 

constructed as the object of the next investigation. 

 The geometric optimization was performed by COMPASS forcefield. Annealing treatment was performed for the amor-

phous molecular models by the isothermal-isobaric molecular dynamic simulations (NPT-MD) method. The temperature 

range for the molecular simulation was set from 300K to 600K, then from 600K to 300K with an interval of 25K.  

 At the stage of cooling from 600K to 300K, the NPT-MD simulation is performed in the normal pressure and tempera-

ture (NPT) with Andersen thermostat method and Berendsen barostat method to control the system pressures and tem-

peratures. MD simulation cooled 25K at each stage, the final equilibrium structure of MD simulation before one phase was 

taken as the initial structure of the next MD simulation. A fixed time step of 1fs was used in all MD simulations. At each 

temperature, systems were first relaxed for 50 ps by NVT assemble, followed by a production run of 200 ps NPT-MD sim-

ulation.  

Figure 1 TNAD structure 

N

N

N

N

N N

NN

O O O

OOO

H

H

H

H

H

H

H

H

H

H

O

O

 

  

Figure 2 Specific volume of NPT dynamic versus temperature for different configuration of 

TNAD/HMX, TNAD/RDX, TNAD/DNP and TNAD/DINA blends 
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 (a) TNAD/DINA system                      (b) TNAD/HMX system 

 
  (c) TNAD/RDX system                      (d) TNAD/DNP system 

 

Figure 3 Intermolecular RDF for TNAD/DINA (a), TNAD/HMX (b), TNAD/RDX (c) 

and TNAD/DNP (d) 
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Figure 4 Plots of energy components versus temperature for TNAD/HMX system 

 
Figure 5 Plots of energy components versus temperature for TNAD/RDX system 

 
Figure 6 Plots of energy components versus temperature for TNAD/DINA system 

 

 
Figure 7 Plots of energy components versus temperature for TNAD/DNP system 
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TNAD/HMX angle energy

E
n
er

g
y
 (

k
ca

l/
m

o
l)

T(K)

300 350 400 450 500 550 600

-640

-620

-600

-580

-560

-540

-520

-500

-480

 

 

TNAD/HMX dihedral torsion energy
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TNAD/HMX Non-bond energy
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TNAD/RDX bond energy
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TNAD/DINA bond energy
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3. Results and discussion 

3.1 The melting point of TNAD 

In the process of melting phase transition, many physical properties have changed drastically. Obviously, volume 

changes as the temperature changes in melting phase transition. So the melting point Tm is determined by the inflection 

point on the curve of volume vs. temperature. 

In order to validate the correctness of the method, the melting point of TNAD is predicted by the curve of mean specific 

volume and temperature. Two straight lines were obtained by the least square fitting and the intersection of two lines is the 

melting point temperature Tm. The Tm value obtained by MD simulation is 510 K for TNAD, which is close to the experi-

mental 512 K and thus supported the method used.  

3.2 The melting points of constructed systems 

In this paper, the melting point temperatures of TNAD/HMX, TNAD/RDX, TNAD/DNP and TNAD/DINA blends were ob-

tained by the curve of mean specific volume versus temperature, which was obtained by NPT-MD simulation from 300K to 

600K. Two straight lines were obtained by least square fitting and the intersection of two lines is the melting point tempera-

ture Tm (Figure 2). The Tm values obtained by MD simulation are 500 K for TNAD/HMX blend, 536 K for TNAD/RDX blend, 

and 488 K for TNAD/DINA blend. But for TNAD/DNP blend, it is noted that there is no obvious inflection point, which means 

that the system has no obvious melting point.  

When the blends are compatible completely, the system only has one Tm value, which is in between the Tm values of 

two pure components. From Figure 2, it is noted that TNAD/DNP blend has no obvious Tm because of the incompatibility 

between TNAD and DNP.  For TNAD/DINA and TNAD/RDX blends, the experimental Tm values are 493 K and 515 K, re-

spectively. While the Tm values obtained by MD simulation are 488 K and 536 K.  

3.3 Radial distribution function 

Figure 3 displays the RDFs of the blends. The higher g(r) appears in the range from 0.3 nm to 1.0 nm, so the main inter-

molecular forces between TNAD and other energetic components are van der Waals interactions. In addition, gAB(r) is often 

used to judge the compatibility of blends. If the gAB(r) of the blend is much higher than the gAB(r) of the pure energetic com-

ponent, the compatibility is better. On the contrary, the phase separation may happen. Here, r is the distance between the 

centers of two pure components in blending system, which corresponds to the intermolecular distance of 1.8-2.3Å. From 

Figure 3(a), it is noted that the gAB(r) graphs of TNAD-TNAD and DINA-DINA are closer and they are much lower than that 

of TNAD-DINA, which shows that TNAD and DINA have the stronger interaction. Consequently, they are compatible. Simi-

lar analysis can be made for the gAB(r) graph of TNAD/DINA. For Figure 3(d), the gAB(r) graphs of TNAD-TNAD and DNP-

DNP separate clearly and the gAB(r) graphs of TNAD-DNP is slightly higher than that of DNP-DNP, which shows that TNAD 

and DNP have not the strong interaction and they are incompatible. Through comparing the gAB(r) graph of the four sys-

tems, the order of compatibility is TNAD/DINA » TNAD/RDX>TNAD/HMX>TNAD/DNP, which is consistent with the experi-

mental results. 

3.4 Force field energy 

 The total energy in force field is the sum of valence energy, non-bond energy and 

cross-term interaction energy. Valence energy consists of bond energy, angle energy 

and dihedral torsion energy et al. Non-bond energy consists of van der Waals energy and 

Coulomb interaction energy. Figures 4-7 plotted the graphs of temperature and force field 

energy such as bond energy, angle energy, dihedral torsion energy, and non-bond ener-

gy, respectively.  

 From Figures 4-7, it is noted that the bond energy and angle energy increase with the 

increment of the temperature for the four systems, which shows that the bond energy and 

angle energy have no effect on the melting point whether the four systems are in solid 

state and liquid state. For the four systems, the angle energy of TNAD/DINA system is 

the largest, while the angle energy of TNAD/DNP system is the smallest. The angle ener-

gy of TNAD/HMX system is larger than that of TNAD/RDX system.  

 At the same temperature, the dihedral torsion energy of TNAD/RDX system is the 

largest but that of TNAD/DNP system is the smallest. This is because the attachment of 

nitro group to DNP makes the steric effect of RDX larger, which results in the increment 

of dihedral torsion energy of TNAD/RDX system. In addition, it is noted that there exist 

the inflection points in the graph of the dihedral torsion energy versus temperature and 

non-bond energy versus temperature for TNAD/RDX, TNAD/HMX and TNAD/DINA sys-

tems. The dihedral torsion energy and non-bond energy increase sharply with the incre-

ment of the temperature above Tm, while they increase slowly with the increment of the 

temperature below Tm. For TNAD/DNP system, there are not obvious inflection points in 

the graph of the dihedral torsion energy versus temperature and non-bond energy versus 

temperature, which shows that TNAD/DNP system has no obvious Tm and TNAD and 

DNP are incompatible. 

4. Conclusion 

1)    The Tm values obtained by MD simulation are 500K for TNAD/HMX blend, 536K 

for TNAD/RDX blend, and 490K for TNAD/DINA blend. TNAD/DNP system has no 

obvious Tm.  

2)  The RDF can be used to predict the compatibility of blends. The better the compat-

ibility is, the stronger the intermolecular interaction is. 

3)  The bond energy and angle energy increase linearly with the increment of the tem-

perature for the four systems.  

4)    On the curve of dihedral torsion energy versus temperature and non-bond energy 

versus temperature, there exist the inflection points around Tm for TNAD/HMX, 

TNAD/RDX, TNAD/DINA systems.  

ABSTRACT  Molecular dynamic (MD) simulation was employed to predict the melting points Tm of  TNAD/HMX, TNAD/RDX, TNAD/DINA and TNAD/DNP systems. The Tm was determined from the 
inflexion point on the curve of  mean specific volume vs. temperature. The result shows that the Tm values of  TNAD/HMX, TNAD/RDX, TNAD/DINA systems are 500K, 536K, 490K, respectively. 
The TNAD/DNP has no inflexion point, which shows the system is incompatible. The radial distribution functions (RDF) of  the four systems were analyzed and the main intermolecular forces be-
tween TNAD and other energetic components are van der Waals interactions. In addition, the force field energy at different temperature was also analyzed.                                                                                                                                                                                                 
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Abstract
Ammonium perchlorate (AP) is used as an oxidiser in composite and 
composite modified cast double base propellants. 
In this work, three compositions have been subjected to artificial ageing 
trials:

1. Composition A - contains AP, a nitramine, aluminum and a stabilised 
 nitroglycerine / polyethylene glycol (PEG) based binder.
2. Composition B is similar to Composition A except it does not have AP in 
 the matrix.
3. Composition C is just comprised of the stabilised nitroglycerine / PEG 
 based binder. 

Comparison of the results from the ageing trials on Compositions A, B 
and C has shown that the AP plays an important role in the degradation 
mechanisms of Composition A. 

• During thermal stability testing at high temperatures, it causes the 
 sudden decomposition of the propellant 

However, during elevated ageing trials at more moderate temperatures, the 
effect of AP is twofold:

• It appears to cause the unzipping of the PEG binder once there is 
 uncured PEG present 
• More importantly, initial results suggest that it appears to inhibit the 
 acid hydrolysis of nitroglycerine. This in turn slows down the chemical 
 decomposition of the propellant compared with compositions where 
 there is no AP 

1. Introduction
Composition A is an example of a composite modified cast double base 
(CMCDB) propellant. 

In order to be able to predict how Composition A will behave at different 
temperatures over long periods of time, it is important to be able to 
understand the effect of AP in this propellant. 

To do this, the three energetic materials detailed in Table 1 have been 
subjected to artificial ageing trials at elevated temperatures and then 
characterised in terms of their chemical and thermal properties.

The three compositions in Table 1 should have been subjected to exactly 
the same ageing regimes so that the results could all be directly compared.

• Compositions B and C age more rapidly than Composition A and so 
 they could not be heated for as long periods at 80°C

The reasons for Compositions B and C ageing more quickly than expected 
were then investigated. Particular attention was paid to the role of AP and 
its interaction with PEG and nitroglycerine.

2. Experimental
2.1 Ageing Conditions
All samples were aged in an explosive oven for the times shown in Table 2.

3.3 Moisture and Acidity Analysis
The change in the moisture content in the samples upon ageing, relative to 
unaged samples is shown in Figure 5.  

• AP appears to inhibit the hydrolysis of nitroglycerine. It is possible that 
 AP directly reacts with nitric acid or that water adsorbs onto the surface 
 of this compound slowing down or preventing the formation of nitric acid 
 in the first place

Ion chromotography was then carried out on samples of nitroglycerine (NG) 
mixed with triacetin (TA) and AP (Figure 8).

• Whenever AP is present, the molecular weight of the PEG falls 
 significantly upon ageing

4.2 The Effect of AP on Nitroglycerine
Nitroglycerine will readily undergo hydrolysis in an acid environment to yield 
1,2-dinitroglycerine and 1,3-dinitroglycerine. 

• This process might start due to the inherent moisture in the propellant 
 or in the case of the NG / PEG binder, water and acidic species can be 
 produced when the PEG starts to break down  

When the degradation products of nitroglycerine are formed, further nitric 
acid is produced and so the process is autocatalytic if not inhibited 9,10.
A number of samples aged for eleven days at 80°C have been analysed for 
the relative amounts of 1,2- dinitroglycerine and 1,3-dinitroglycerine using 
NMR and are in Table 4. 

To look specifically at the effect of AP on PEG, a number of samples were 
prepared and subjected to four days ageing at 80°C before the molecular 
weight of the resultant polymer was measured (Table 3).

• Compositions B and C begin to self-heat at around 125 - 128°C and 
 that as the thermal decomposition continues, this process accelerates 
 until the reactants are consumed
• Composition A does not undergo this thermal runaway process. Without 
 any prior warning or evidence of self-heating, it suddenly ignites at 
 about 128°C. This has been attributed to the reaction of the oxides of 
 nitrogen with AP that results in the rapid decomposition of the 
 propellant 1.

2.2 Analytical Techniques
In order to understand the effect of ageing on the three compositions, a 
range of analytical techniques were employed which included accelerating 
rate calorimetry (ARC) to assess the thermal stability of the energetic 
materials and gel permeation chromatography (GPC) to determine the 
molecular weight of the soluble polyethylene glycol in the compositions.

2.3 Further Work
Following the results obtained from the ageing of Compositions A, B and C, 
some additional experiments were conducted to understand the effect of AP 
on nitroglycerine and polyethylene glycol. This involved heating mixtures 
of PEG with the filler particles in Composition A and nitroglycerine with and 
without ammonium perchlorate.

3. Results
3.1 ARC Results
ARC testing was performed on the three Compositions and as can be seen 
from Figure 1, Composition A shows significantly different behaviour during 
this test compared with the other two materials.

Figure 1 – ARC data for unaged compositions

3. If water is present, it could inhibit any reaction of AP by forming a layer 
 on the surface of the crystals 5 or by diluting any perchloric acid.
4. If low quantities of water are present, it may slow down the 
 decomposition of the propellant but it cannot totally prevent the 
 formation of perchloric acid which eventually leads to sudden ignition.
5. However, if significant quantities of water are present, then this may 
 prevent the decomposition of AP into perchloric acid, stop the reaction 
 of the oxides of nitrogen with AP or dilute any acid to the extent where 
 it is not as reactive. In this situation, decomposition of nitroglycerine is 
 the main reaction observed during the ARC test as thermal runaway.

Three of the four samples show a decrease in moisture content and the 
exception to this is the liquefied Composition C sample (thirteen days 
ageing), which shows a significant increase in the moisture content.

Polyethylene glycol reacts with atmospheric oxygen to produce water and 
other compounds such as formic acid 6,7. This apparent decrease in the 
moisture content for the majority of aged samples suggests that:

• Either the water becomes more bound inside the polymer matrix during 
 ageing or
• In the case of Compositions A and B, water absorbs onto the surface of 
 the filler particles and so is not readily released during analysis or
• Any water produced goes on to form nitrous or nitric acid and so is no 
 longer available as free water until significant ageing has occurred

The pH of a few selected samples are at Figure 6 and are shown as a 
change relative to unaged samples.

• When AP is present, any uncured PEG unzips and the molecular 
 weight falls significantly
• Composition A contains only a very small amount of extractable PEG 
 (less than 1%) with a low molecular weight
• It is also possible that the AP provides some protection for the PEG by 
 acting as a limited oxygen inhibitor resulting in very little uncured PEG 
 in the propellant matrix 

The samples containing AP contain more nitrate than those without AP. 

• It is not possible to determine whether the nitrate is due to nitric acid, 
 ammonium nitrate or other nitrate containing species using IC
• It would appear from the acidity results to date that ammonium nitrate, 
 rather than nitric acid, tends to form when AP is present

5. Decomposition Pathways
AP has a detrimental effect on the molecular weight of the PEG binder 
once any uncured material is released from the matrix but it might afford 
some protection of the PEG binder and then hinder the hydrolysis of 
nitroglycerine. 

• If this hydrolysis process is slowed down or prevented, then the 
 stabiliser consumption will not be as rapid and the overall chemical 
 decomposition of the propellant samples will occur more slowly.

Reaction scheme 3 is proposed to explain why AP hinders the hydrolysis 
of nitroglycerine. The nitrous acid is presumed to be generated from the 
oxides of nitrogen which result from the degradation of nitroglycerine 
solubilising in any water present in the composition.

* Binder also contains 2-nitrodiphenylamine (2-NDPA) and paranitromethylaniline (pNMA) which act 
as stabilisers

Table 1 - Composition details

Table 2 - Ageing times

Scheme 11

It has also been found that when water at a concentration of 14% is 
added to Composition A and ARC testing is performed, the sudden ignition 
process is inhibited and thermal runaway takes place 2.

• This was thought to be because when water is present, the formation of 
 nitric acid is favoured which prevents the oxides of nitrogen 
 directly reacting with AP to form perchloric acid. The decomposition of 
 nitroglycerine (thermal runaway) is observed during the ARC test 
 instead 2.

When Compositions A, B and C are aged and then subjected to ARC 
testing, there is once again a difference in the behaviour with respect to 
Composition A:

• The temperature of sudden ignition can vary significantly from 112°C 
 – 130°C. There is no relationship between ageing period, stabiliser and 
 nitroglycerine concentration and temperature of sudden ignition 3

• When some samples were retested using ARC after a period of time, 
 the temperature of ignition changed with the majority giving an increase 
 of the order of 5 - 10°C which was deemed to be a significant difference

Composition A is a highly filled, inhomogeneous propellant but this 
variability of the temperature of sudden ignition is only seen with aged 
samples and never with the unaged material.

It is suggested that the following processes might be occurring during the 
ARC test:

1. During ageing, the concentration of acidic species (such as nitric acid) 
 increases but the distribution of acid may not be homogeneous.
2. Provided that some of the AP has degraded to hydrochloric acid, it is 
 possible for the AP to react with the nitric acid to form perchloric acid 
 which leads to sudden ignition (Equation 1). Therefore, the formation of 
 nitric acid may not entirely prevent sudden ignition from occurring.

Equation 14

3.2 HPLC Results
Figures 2 - 4 show that stabiliser depletion occurs at a much faster rate in 
the two compositions which do not contain AP and that after eleven days 
ageing, there is very little stabiliser remaining in Compositions B and C.

Figure 2 – Composition A stabiliser depletion

Figure 3 – Composition B stabiliser depletion

Figure 4 – Composition C stabiliser depletion

Figure 5 – Moisture content of samples

Figure 6 – pH of selected Composition A and C samples

• Compositions A and C become more acidic with ageing. This effect is 
 more pronounced for Composition C which does not contain AP
• This increase in acidity is to be expected as PEG degrades to formic 
 acid and the oxides of nitrogen which are not mopped up by the 
 stabilisers can solubilise in any free water to form nitric and nitrous acid
• However, for Composition A, upon ageing at 80°C, the AP might 
 dissociate to form ammonia which could neutralise any acidic species

Although AP is an oxidiser, in 2002, Celina et al. 8 reported that in mixtures 
with hydroxyl-terminatedpolybutadiene (HTPB), AP might act as a limited 
oxygen inhibitor and so slow down the oxidation of the polymer. Further 
work is required to establish if this is the case for the nitroglycerine / PEG 
binder system in this study. 

3.4 GPC Results
Typical GPC data for the molecular weight at the height of the first peak 
in the GPC chromatogram for Compositions A, B and C are compared in 
Figure 7. 

It should be noted that the average molecular weight of the binder in all 
three unaged compositions was around 6000. 

Figure 7 – GPC data for Compositions A, B and C

Scheme 27 

Table 3 - GPC data for three aged compositions

Table 4 - Relative amounts of nitroglycerine hydrolysis products

Figure 8 – Nitrate concentration

Scheme 3

Water and other acidic species may adsorb onto the surface of AP, 
preventing this compound from degrading and so slowing down the 
reactions which ultimately lead to the decomposition of the propellant. 

The combination of all of these factors might help to explain why 
Composition A appears to age less rapidly than Compositions B and C 
which do not contain AP.

6. Conclusions
1. AP plays an important role when it comes to understanding the 
 degradation mechanisms of Composition A.
2. The presence of this compound affects the thermal behaviour at 
 elevated temperatures and results in the sudden and violent 
 decomposition of the propellant during the ARC test. If AP is not 
 present, however, the thermal degradation of the composition is more 
 gradual and predictable. 
3. The fact that little soluble PEG can be extracted from highly aged 
 samples of Composition A compared with Composition C suggests that 
 the AP might act as a limited oxygen inhibitor or provides an active site 
 for water and acidic species to adsorb onto which affords the 
 nitroglycerine / PEG binder some protection. Further work is needed to 
 fully establish whether or not this is the case.
4. If there is any soluble PEG available, this will readily unzip in the 
 presence of AP leading to a decrease in the molecular weight of 
 the polymer which will adversely affect the mechanical properties of the 
 propellant. 
5. It is also possible that AP inhibits the acid hydrolysis of nitroglycerine 
 which in turn slows down the stabiliser depletion processes compared 
 with when AP is not present. A reaction scheme for this has been 
 proposed but further research is required to fully understand this 
 aspect of the ageing behaviour of the energetic materials studied in this 
 programme of work.     
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  A    15          18       42     25

  Composition  AP (%)          Nitramine (%)     Aluminium (%) Nitroglycerine   
               mixed with PEG   
               Binder*

  B    0          18       57     25

  C    0          0        0     100 

  A    7 days         18 days      25 days   N/A

  Composition  Ageing Period 1        Ageing Period 2     Ageing Period 3   Ageing Period 4

  B    1 day                 3 days       5 days   6 days

  C    7 days         11 days      13 days   N/A 

  PEG               4214

  Sample              Molecular Weight at Height of First Peak (Da)

  PEG / AP              1140

  PEG / aluminum            4344 

  PEG / nitramine            4613

  PEG / AP / aluminum / nitramine         1132

  Composition C             5107 

  Composition C / AP / aluminum / nitramine       1824

  Composition C             5.2     9.6

  Sample              1,2-Dinitroglycerine  1,3-Dinitroglycerine

  Composition C / AP            4.3     6.7

  Uncured  Composition C           3.6     6.0 

  Uncured Composition C / AP          1.0     1.1

4. The Effect of AP
4.1 The Effect of AP on PEG
It is well established that PEG readily undergoes oxidation in atmospheric air 
and as AP is an oxidiser, it can facilitate the process shown in Scheme 2. 
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3.2 Velocities of the flyer plates under different diameters of acceleration chambers

3.3 Velocities of the flyer plates under different thicknesses

(a)                                                                 (b)

Figure 5: The average velocity of Cu flyer plate (a) and Al flyer plate (b) in acceleration 

chamber of Φ0.8mm×0.4mm.

Figure 6: The ablation of the K9 glass substrate caused by the laser energy.

Figure 1: A schematic representation of the experimental setup for flyer ablative 

formation and time-of-flight measurement.

Figure 2: The original signal recorded in the digital oscilloscopes.

RESULTS & DISCUSSIONS

3.1 Velocities of the flyers under different flying distances



Electro-explosion performance of KNO3@CNTs initiator
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An energetic initiator was developed by integrating KNO3@CNTs nanoenergetic materials with a Cu thin-film microbridge realized

onto a ceramic substrate. The electro-explosion performances, including the voltage and current properties, the electro-explosion

time, and the explosive sensitivity, of the initiator under capacitor discharge were investigated. The explosive sensitivity was

obtained by Bruccton method.

Part Ⅰ : Fabrication and Characterization Part Ⅱ: Electro-explosion Performance

Results and Conclusions: The Cu thin-film microbridge and the KNO3@CNTs initiator conducted different electro-explosion

behaviours. The 99.9% explosion voltage was 87.1 V for the Cu thin-film microbridge and 51.5 V for the KNO3@CNTs initiator

respectively. The explosive input energy of the KNO3@CNTs initiator was lower, the electrical explosion phenomenon of the initiator

was more intense and the duration was longer, and the explosive temperature was higher, which indicate that the superior electric

and thermal conductivity of the carbon nanotubes and the chemical reaction of the KNO3@CNTs nanoenergetic materials were

benefit for the miniaturization of electro-pyrotechnics.

TEM images of the KNO3@CNTs nEMs

Schematic model of EPD

Electrical explosion process of the Cu thin-film

Electrical explosion process of the initiator

Morpholopy and Structure

Typical characteristic curves of electro-explosion process

Cu thin-film The initiator

Electro-explosion time and temperature
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1. Introduction

Goal:

The objective of the project is to develop 5.56 mm,

7.62 mm and 12.7 mm caliber infrared (IR) tracer

cartridges.

Tracer Bullets

Challenges:

• To develop tracer and igniter

compositions invisible to

naked eyes, but visible with

night vision goggles which use

wavelengths from 400 to 950

nm.

• Pyrotechnic compositions

should be adapted to each

calibre because tracing

distance is different: burn rate

should be different.

2. Design

• Projectile, jacket, core and propelling system

(primer and propellant) are the same as traditional

tracers

Tracer Cartridge

• Only igniter and tracer compositions are modified

• Compositions must be green

• Low temperature tracer flame

• IR tracer cartridges must meet NATO specifications

Features and Benefits:

• Ballistic match with standard cartridges.

• Reduced small arms firing signature with IR tracers.

• Increased safety because of a reduced risk of

detection by enemy force.

Night Vision Goggles and Relative Response to 

Wavelengths

8. Conclusion

3. Wavelengths and Intensity

5. Development of 5.56 and 

7.62 mm Caliber IR Tracers

6. Development of 12.7 mm 

Caliber IR Tracer

Equipment to Measure Tracer Intensity 

and Wavelengths

Laboratory evaluation of tracers reduces cost and time

of development. A bench test was developed to ignite

tracer bullets and characterize their flame intensity,

wavelengths, burn time and transition between

composition.

Burn Time, Wavelength and Intensity Measurement

Ingredient
Igniter

I-136
IR Tracer*

Strontium peroxide 90 %

Potassium 

perchlorate
35 %

Boron 9.7 %

Sodium salicylate 25 %

Iron carbonate 15.3 %

Calcium resinate 10 % 15 %

*US Patent 8,066,833 GD-OTS Canada

Advanced development phase completed. 5.56 and

7.62 mm calibers are being introduced in production.

Investigations performed to determine:

• Mixing time of every steps

• Drying time

• Final granulation

• Humidity content

• Grain size distribution

• Calorimetric heat

• Powder flow

• Friction sensitivity

• Light intensity in visible and IR spectrum

• Tracer composition weight

• Igniter composition weight

• Consolidation pressure

• Number of increments

• Pressure gradient

• Punch shape

• Air gap between closing disc and composition

IR tracer formulation, charge weight and consolidation

pressure were optimized in a combined DOE. Same

compositions are used in 5.56 and 7.62 mm calibers.

Gun firings were performed to evaluate:

• Ignition at  -54°C, +21°C and at +52°C

• Trace distance

• Day and night visibility (naked eyes vs. NVG)

• Pulse, projection and other visible defects

4. Development Methodology

Standard 12.7 mm Igniter (Top) 

vs. Dim Trace Igniter (Bottom)

Igniter composition I-136 does not

ignite in 12.7 mm caliber ammunitions.

A complete development program was

necessary for this caliber.

Infrared tracer ammunitions enable a tactical

advantage during dark night operations.

5.56 mm and 7.62 mm IR tracers are being introduced

in production.

12.7 mm is in preliminary development phase. An

igniter composition has been optimized and the tracer

composition is under development.

Igniter composition has been developed and tracer

composition is under development.

In the process of this development, aging of

strontium peroxide was found to have a critical

effect on the ignition of tracers. Different batches of

SrO2 were characterized by Scanning Electron

Microscopy (SEM), X-ray Photoelectron Spectroscopy

(XPS) and titration (oxygen content).

SrO2 Batch A SrO2 Batch B

Inspected

Nov. 2007

Inspected

May 2012

Inspected

June 2011

12.4 % of Oxygen 10.7 % of Oxygen
13.3 % of 

Oxygen

100  % Ignition 0  % Ignition 100  % Ignition

SrO2 was found to loose oxygen in time. A decrease

of 1.7 % of oxygen caused serious ignition problems.

7. Aging of Strontium Peroxide

Scanning Electron Microscopy of SrO2
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