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The 42nd International Pyrotechnics Society Seminar
Grand Junction, Colorado, USA, July 10-15, 2016

PREFACE

We welcome you to the 42nd International Pyrotechnics Society Seminar in Grand Junction,
Colorado. The IPS Seminar has been held in Grand Junction twice before—once in 1988 and again
in 2000. It is our hope that this third time will be the best yet. We are thrilled to welcome this
year’s keynote speaker, Jerry Salan, chief executive officer of Nalas Engineering Services, Inc. We
are very excited to hear about their innovations in engineering a new generation of green
energetic materials. Over 60 oral presentations and more than 30 posters from 14 countries are
scheduled to be presented, which should make this seminar a very productive and informative
event.

We would like to briefly introduce ourselves. Dr. Anthony P. Shaw has worked at Picatinny
Arsenal in the ARDEC Pyrotechnics Technology and Prototyping Division since 2010. Dr. Shaw
attended his first IPS Seminar in 2012 and has been Archivist of the International Pyrotechnics
Society since 2014. Dr. Lori J. Groven is an Assistant Professor at South Dakota School of Mines
& Technology where she has been since 2013. Prior to this she was at Purdue University in Steven
F. Son’s group as a Research Faculty. Dr. Groven attended her first IPS seminar in 2008 as a
graduate student. Both are thankful for the encouragement provided by Drs. Gregory D.
Knowlton and Jesse J. Sabatini as they become more involved in the International Pyrotechnics
Society.

We are very pleased to announce two IPS awards this year. The Dr. Bernard E. Douda Young
Scientist Award (DBED YSA) is being awarded for the 5th consecutive year. This year’s DBED YSA
winner is Dr. Jonathan M. Dilger (U.S. Navy, NSWC Crane), for his contributions to the
development of pyrolysis and mass spectrometry techniques for the characterization of
pyrotechnics. His paper is titled “Pyrolysis/Gas Chromatography/Mass Spectrometry: A New
Tool to Detect Toxic Byproducts of Pyrotechnic Reactions.” The award, which is funded by IPS,
consists of payment of the seminar and associated workshop registration fees and a two year
membership in the society. After a hiatus, the Frank Carver Bursary (FCB) is again being awarded.
This award is funded by the Frank Carver Bursary Fund, a charity that was established following
the financial success of the 14th Seminar in Jersey, Channel Islands, UK. It provides financial
assistance so that the winning applicant can attend and present at the seminar. This year’s FCB
winner is Robert Timms (University of East Anglia, UK), for his accomplishment in the modeling
of ignition phenomena. His paper is titled “A Two-Dimensional Model for Melting and Ignition
of a Thin Sheared Viscous Layer.”

We would like to remind our attendees that the 42nd IPS Seminar Proceedings are available in
hard copy and digital (CD) formats. A limited number of bound proceedings are available for
purchase; the CDs are being distributed at the seminar. Papers that were unavailable in time for
inclusion in the bound proceedings have been included in the digital version. Please note that the
bound proceedings have been printed in black and white, but the color rendition is included on



the CD. Our thanks go to Dr. David R. Dillehay of IPSUSA Seminars, Inc. for editing and compiling
the proceedings.

The organizers of this seminar and the host sponsoring organization, IPSUSA Seminars, Inc., wish
to acknowledge the indispensable contributions made by Linda C. Crouse, our Seminar
Coordinator. Linda’s expertise in the planning, organization, and logistics of the seminar have
been critical to ensuring its success.

On behalf of IPSUSA Seminars, Inc., we thank the presenters, authors, and attendees for
achieving the IPS goal of sharing scientific and technical information throughout the international
energetic materials community. We hope that you have an enjoyable and memorable week in
Grand Junction, and that you find the 42nd International Pyrotechnics Society Seminar rewarding.

Anthony P. Shaw and Lori J. Groven, Co-Chairs
42nd International Pyrotechnics Society Seminar and the 48th Anniversary of the Series

July 10-15, 2016



i 

 

42ND
 INTERNATIONAL PYROTECHNICS SOCIETY 

SEMINAR 
 

July 10 – 15, 2016 
 

Table of Contents 
SESSION A:    NEW DIRECTIONS IN ENERGETICS PROCESSING 

Session Chairs:   Dr. Zac Doorenbos, Innovative Materials and Processes, LLC 

                             Dr. Joost van Lingen, TNO 

KEYNOTE ADDRESS – Engineering Next-Generation Green Pyrotechnics; 

J. Salan, Nalas Engineering Services, Inc. (USA)……………………………………….………... 1 
  

Continuous Processing of Energetic Materials; 

 P. Lucon, (USA)…………………………………………………………………………...……... 2 
  

The Performance Modification of Aluminum Nanothermites using Resonant  

Acoustic Mixing;  

D.G. Kelly, P. Beland, P. Brousseau, C-F. Petre  (USA)……………………………….………… 3 
  

A New Technique for Making Pyrotechnics; 

K. Smit, M. Morgan, R. Pictrobon, A. Lee (Australia)………………………………….……… 12 

SESSION B:    APPLICATIONS OF ENERGETICS PROCESSING 

Session Chairs:   Dr. Zac Doorenbos, Innovative Materials and Processes, LLC 

                             Dr. Joost van Lingen, TNO 

Chemical Gas Generators Based on Mechanically Alloyed Reactive Materials; 

E. Shafirovich, S.E. Guerrero, M.A. Machado, S. Delgado, D.A., Rodriguez,E.L. Dreizin, (USA) 20 
  

Investigation of Structure/Behavior Relationships in Metallized Explosives; 

R. Reeves, A.E. Gash, K.T. Sullivan (USA)………………………………………………..…….. 29 
 

 

Investigation of Flame Jump in Rapidly Reacting Porous Silicon; 

N. Piekiel, C. Morris (USA)……………………………………………………………………… 30 
  

Processing of Milled Aluminum, Silicon, and Aluminum-Silicon Nanocomposites  

For Pyrotechnic Applications; 

L. Morris, C. Haines, Z. Doorenbos, M. Puszynski, J. Puszynski  (USA)………………………. 31 

  



ii 

 

SESSION C:    ENGINEERED ENERGETIC MATERIALS I 
Session Chairs:   Dr. Jesse J. Sabatini, U.S. Army RDECOM-ARL 

                             Dr. Magdalena Rusan, Ludwig Maximilian University of Munich, Germany 

INVITED PAPER – Engineered Particles for Improved Propellants and Their  

Characterization; 

S. Son, (USA)……………………….……………………………………………………………. 32 
 

 

Impact Ignition Threshold and Combustion Performance of Nano-Structured  

Reactive Materials; 

P. Martellaro, E. Siccardi, Jr.,S. Thoma, V. Hoffman, G. Knowlton, B. Kosowski  (USA)…… 33 
  

3D Co-Printing of Multiple Pyrotechnic Materials with Novel Geometries; 

C. Williams, A. Kerbein (USA)………………………………………………………………… 42 
  

New Strategies for Reducing the Mechanical Sensitivity of CL-20 with Reserved High 

Energy; 

Z. Yang, L. Ding, F. Nie (China)………………………………………………………………… 43 

SESSION D:     ENGINEERED ENERGETIC MATERIALS II 
Session Chairs: Dr. Jesse J. Sabatini, U.S. Army RDECOM-ARL 

 Dr. Magdalena Rusan, Ludwig Maximilian University of Munich, Germany 

Estimation of Burning Mechanism of Some Azodicarbonamide/Ammonium Nitrate/Copper 

(II) Oxide Mixtures; 

S. Date, K. Ideda, A. Doi, Y. Okumura, A. Tanaka  (Japan)……………………………….…… 50 
  

Smart Energetics: Harnessing Piezoelectric Behaviour; 

L. Groven, S.L. Row, J. Koenig  (USA)………………………………………………………… 65 
  

Preparation of an Aqueous Nanothermite Inks for Micro Charging in Solid  

Propellant Microthruster; 

J. Xu, Y. Ye, Y. Shen, C. Ru, R. Shen, P. Zhu (China)……………………………………… 66 
 

 

Tracer Conundrum: Achieving Longer Range with Less Pyrotechnic Charge; 

C.M.  Csernica, (USA)…………………………………………………………………………… 67 
 

 

3D Printing of Multi-Core Propellant Grains with Integral Structural Elements; 

A Kerbein, C. Williams(USA)…………………………………………………………………… 77 

SESSION E:    NANOENERGETICS 
Session Chairs:   Dr. Trevor T. Griffiths, QinetiQ, United Kingdom  

                              Dr. Jared D. Moretti, U.S. Army RDECOM-ARDEC 

INVITED PAPER – Continuous and Reactive Nanocrystallisation:  New Concepts and  

New Processes to Design Energetic Materials for Technological Breakthrough; 

D. Spitzer, V. Pichot, F. Schnell, M. Klaumünzer, M. Comet (France)………………………… 78 
  



iii 

 

Investigation of the Impact Initiation of a Secondary Explosive by the Combustion  

of Nano-Energetic Materials; 

L. Glavier, (USA)………………………………………………………………………………… 80 
 

 

Hybrid Nanothermites: Energetic Materials for Cutting-Edge Applications; 

M. Comet, C. Martin, F. Schnell, M. Klaumünzer, D. Spitzer,  (France)…………………….. 81 
 

 

Design, Realization and Characterization of Several Types of Micro-Initiators  

Integrating Al/CuO Nanothermite; 

A. Nicollette, A. S. Souleille, L.Glavier, L. Mazenq, L. Salvagnac, C. Rossi (France)………… 85 

SESSION F:    SYNTHESIS AND TECHNOLOGY INITIATIVES 
Session Chairs:   Dr. Trevor T. Griffiths, QinetiQ, United Kingdom  

                              Dr. Jared D. Moretti, U.S. Army RDECOM-ARDEC 

Synthesis and Investigation of the Novel Thermally Stable Explosive: TKX-55; 

T. Klapötke, T.G. Witkowski, Z. Wilk, J. Hadzik,  (Germany, Poland)………………………… 86 
 

 

Bis-Isoxazole Dinitrate: A Potential Propellant and Explosive Ingredient; 

J. Sabatini, L.A. Wingard, E.C. Johnson, P.E. Guzman, G.W. Drake (USA)………………… 98 
 

 

Insensitive Munitions: JIMTP Strategy and Path Forward; 

A. Di Stasio, (USA)……………………………………………………………………………….. 102 
 

 

U.S. Army Pyrotechnic Technology Initiatives (From Legacy to Leap Ahead); 

J. Wejsa, A. Zimmer (USA)………………………………………………………………………. 106 

SESSION G:   ENVIRONMENTAL ASPECTS I 
Session Chairs:  Dr. David F. Dye, U.S. Navy NSWC Crane Division 

                             Dr. Girish Srinivas, TDA Research, Inc. 

INVITED PAPER – Lead-Free Primary Explosives Development and Beyond; 

K.D. Oyler, N. Mehta, G.H.L. Savithra, C.H. Winter (USA)…………………………………… 107 
 

 

Proof of Concept Novel Low Toxicity Obscurant; 

D. Meuken, J.N.J. van Lingen, . Polk-LaBont, J. Domanico (Netherlands, USA)…………… 114 
 

 

Barium-Free Green Illuminants Based on Magnesium Diboride; 

J.S. Brusnahan, J.C. Poret, J.D. Moretti, A.P. Shaw, R.K. Sadangi, (Australia, USA)……….. 128 

  



iv 

 

SESSION H:   ENVIRONMENTAL ASPECTS II 
Session Chairs:  Dr. David F. Dye, U.S. Navy NSWC Crane Division 

                             Dr. Srinivas, TDA Research, Inc. 

Improved Blue and Green Colored Pyrotechnical Smoke Formulations; 

J. Gluck, T.M.Kapötke, M. Rusan, A.P. Shaw (Germany)………………………… 143 
 

 

Blue-Colored Pyrotechnics using Copper (I) Bromide as Emitter; 

M. Rusan, D. Juknelevicius, E. Karvinen, T.M. Klapötke, R. Kubilius, A. Ramanavicius, 

(Germany)……………………………………………………………………………………. 156 
 

 

Continued Efforts toward a Perchlorate-Free Green Illuminant Composition for 

the M195 Hand Held Signal; 

J. Moretti, (USA)……………………………………………………………………… 164 
 

 

Development of Green Extrudable Pyrotechnic Delays for the Navy; 

S. Hall, (USA)……………………………………………………………………… 174 
 

 

Development and Testing of Less Toxic, Hygroscopic Metal Chlorides; 

G. Diviacchi, (USA)………………………………………………………………… 190 

SESSION I:    DELAYS, IGNITERS AND INITIATION I  
Session Chairs:   Mr. Scott D. Hall, NammoTalley, Inc. 

    Dr. Jay C. Poret, U.S. Army RDECOM-ARDEC 

The Properties of Pyrotechnic Compositions Based on Boron and Bismuth 

Trioxide; 

T.T. Griffiths, A.E. Cardell (UK)……………………………………………………… 191 
 

 

Titanium Aluminum/PTFE Composite Particles for Enhanced Ignitability and 

Combustion; 

M. Wilcox, L. Groven (USA)………………………………………………………… 199 
 

 

The Burning Rate of Mn + MnO2 and Mn + Sb2O3 Delay Compositions; 

W.W. Focke, Y.C. Montgomery, O. Del Fabbro, C. Kelly, G. Labuschagnè, (South Africa)… 200 
 

 

Igniter Composition with Low Moisture Susceptibility; 

G. Srinivas, B. Clapsaddle, R. Bolskar, M. Looker (USA)…………………………… 210 
 

 

Electrostatic Discharge Sensitivity of Titanium Potassium Perchlorate at Varying 

Densities; 

J. Olles, W.B.Wente, R.B. Wixom (USA)…………………………………………… 211 

  



v 

 

SESSION J:    ENVIRONMENTAL ASPECTS II  
Session Chairs:   Mr. Scott D. Hall, NammoTalley, Inc. 

                             Dr. Jay C. Poret, U.S. Army RDECOM-ARDEC 

Development of an Environmentally Benign Pyrotechnic Delay System; 

Z. Doorenboros, (USA)……………………………………………………………… 218 
  

Si-BaSO4 vs. Si-CaSO4 Pyrotechnic Time Delay Compositions: The Effect of Fuel  

Particle Size and Additives on Reactivity; 

S.M. Tichapondwa,  W.W. Focke, O.Del Fabbro, J.Gisby, C. Kelly, G. Labuschagne (South 

Africa, UK)…………………………………………………………………………………… 219 
 

 

Combustion Characteristics of W/MnO2 as an Environmentally Friendly Time 

Delay System; 

J.. Koenig, A.P. Shaw, J.C. Poret, L.H. Groven  (USA)……………………………… 229 
 

 

Electrical Comparisons of Ignition versus Initiation; 

C. J. Valancius, J. Bainbridge , C. W. Love, D. R. Richardson (USA)……………… 230 

SESSION K:    CHARACTERIZATION METHODS I 
Session Chairs:   Dr. Michael M. Nardai, Fraunhofer ICT, Germany 

                              Dr. Anthony R. Di Stasio, U.S. Army RDECOM-ARDEC 

DR. BERNARD E. DOUDA YOUNG SCIENTIST AWARD   

Pyrolysis/Gas Chromatography/Mass Spectrometry:   

A New Tool to Detect Toxic Byproducts of Pyrotechnic Reactions; 

J.M. Dilger, E.J. Miklaszewski, D.M. Papermeier, C.F. Wilharm, (USA)………… 236 
 

 

Development of Standardized Test Methods for Small Arms Muzzle Flash 

Measurements; 

D. Dye, J.M. Davis (USA)…………………………………………………………… 250 
  

Development of a Heat Flux Measurement Technique to Aid Understanding of 

Ignition of Pyrotechnics and Propellants; 

N. Johnson, R. Claridge, C. Woodley (UK)……………………………………… 251 
  

Electromagnetic Amplification of Pyrotechnic Emissions; 

E. Miklazewski, J. Dilger, J.B. Michael, T.R. Sippel, (USA)……………………… 256 

SESSION L:    CHARACTERIZATION METHODS II 
Session Chairs:   Dr. Michael M. Nardai, Fraunhofer ICT, Germany 

                             Dr. Anthony R. Di Stasio, U.S. Army RDECOM-ARDEC 

Introduction to Pyrotechnic Light Measurements; 

J. Poret, (USA)……………………………………………………………………… 257 
 

 



vi 

 

Emission Spectroscopy on Pyrotechnic Mixtures; 

 S. Knapp, C. Günthner S. Kelzenberg, E. Roth, A. Raab, V. Weiser (Germany) 273 
 

 

Blast Response of Reinforced Concrete Slabs with Varying Standoff  

and Steel Reinforcement Ratios; 

F.B. Mendonca, J.A.F.F. Rocco, K. IKA, G.S. Urgessa (BRAZIL, USA)………… 291 
 

 

Comprehensive Chemical and Material Analysis of TKP and THxKP Pyrotechnic  

Powders to Improve Pyrotechnic Degradation and Performance Models;  

C. Beppler, J. Dellinger, M. Cooper, W. Erikson (USA)…………………………… 293 
 

 

Perchlorate Particulate Emissions Resulting from the Use and Demilitarization of 

Common Pyrotechnic Devices;  

S. Brochu, M-O Turcotte-Savard  (CANADA)…………………………………… 294 

SESSION M:    MODELING I 
Session Chairs:   Dr. Jason S. Brusnahan, Defense Science and Technology Group, Australia  

                             Dr. Shepherd M. Tichapondwa, University of Pretoria, South Africa 

Bursary Award Winner  

A Two-Dimensional Model for Melting and Ignition of a Thin Sheared Viscous 

Layer; 

R. Timms, R. Purvis,(USA)………………… ……………………………………… 295 
 

 

Molecular Dynamics Simulation of Cohesion within Solid Propellants; 

M.M. Nardai, M.A. Bohn (Germany) …… ……………………………………… 306 
 

 

Modelling of Measurement Data on the Curing Reaction of HTPB with 

Isocyanate Obtained by Heat Flow Microcalorimetry and Pressure Decrease in 

Closed Vessel Cells; 

M.A. Bohn, T. Seyidoglu, G. Mußbach (Germany)………………………………… 316 
 

 

HNS Critical Thickness Reactive Burn Modeling; 

C.D. Yarrington, D.E. Kittell, A.S. Tappan, R. Knepper, R.R. Wixom 

(USA)………………………………………………………………………………… 353 

SESSION N:    MODELING II 
Session Chairs:   Dr. Jason S. Brusnahan, Defense Science and Technology Group, Australia  

                             Dr. Shepherd M. Tichapondwa, University of Pretoria, South Africa 

Characterization of ANFO using Aquarium Test and Numerical Modeling 

Methods; 

E. Lozano, V. Petr (USA)…………………………………………………………… 360 
  

Modelling the Ignition of Explosives by Pinch with the HERMES Model; 

J. Curtis, J.E. Reaugh (USA)……………………………………………………… 380 



vii 

 

  

Thermodynamic Modeling for the Characterization and Development of 

Pyrotechnic Smoke Formulations; 

A.P. Shaw, J.S. Brusnahan, J.C. Poret, L.A. Morris (USA)……………………… 391 

SESSION O:    BIOCIDAL PYROTECHNICS 
Session Chairs:   Dr. Denise Meuken, TNO, Netherlands 

                             Dr. Christopher Williams, CAPCO Incorporated 

Alternative Fuels for Direct Write Printed Biocidal Formulations; 

L. Groven, J.C. Poret, A.P. Shaw, F.D. Ruz-Nuglo (USA)………………………… 406 
  

Pyrotechnically Generated and Disseminated Aerosol for Bio-Agent Defeat; 

A.L. Polk, L.S. Smith, M..F. Kauzlarich, Nino L. Bonavito, Vipin K. Rastogi 

(USA)……………………………………………………………………………….. 407 
 

 

Functional Reliability Prediction of Pyrotechnic Separation Device; 

Z. Kim, B. Ryu, Y.J. Lee, B.M. Mun, D. Hwang, S. Bae, N. Kim (South Korea)..… 408 
 

 

Simulation of Deterrent Concentration Decrease at the Surface and its  

Influence on Propellant Properties; 

M. Hartmann, B. Roduit, M. Kaiser, P. Folly, A. Sarbach (Switzerland, Germany) 417 
 

 

A Fast Low-Energy Laser Detonator; 

H. Zolliner, H. Scholles, R. Schirra (Germany)…………………………………… 422 
 

 

Poster Sessions 

Direct Versus Indirect Heat Transfer for Fast Melting of Metals  

S. Debnath, A. Raj, SK Sahoo, PM Deshmukh, SM Danali  (INDIA)…………… 430 
 

 

Midrange-Infrared Thermal Imagery - A Novel Approach for Testing 

Pyrotechnic Devices 

K. Caska, A. Zimmer (USA)………………………………………………………… 431 
 

 

Thermal Modelling of a Medium Energy Electro-Pyrotechnic Initiator  

G. Demézon, V. Jaillant, L. Soulié, D. Blin  (FRANCE)………………………… 459 
 

 

Five-Membered NMO-chelates with Multiple Coordination Modes:   

A Family of Semicarbazide Based High Energy Materials  

L. Yang, W. Tong, T. Zhang (CHINA)…………………………………………… 474 
 

 

Investigation on Performance Enhancement of Exploding Foils by B/Ti 

Composites  

W. Jiang, L. Wang, Y. Wang (CHINA)…………………………………………… 475 



viii 

 

 

 

Effect of Self-Assembly on the Combustion and Sensitivity of Aluminum/Iron 

Oxide  

Nanothermites;  

M.L. Tan, S. Pisharath, F. Zhang, N. Sasidharan, H. G. Ang  (SINGAPORE) 482 
  

Automated Loading Process of Primary Explosive Formulations in End Items  

Z. Doorenbos, M. Puszynski, G. Cheng, N. Mehta   (USA)…………………… 497 
 

 

Some Comparative Aspects of the Energetic Materials:  from Nanoparticles,  

1D Nanowires, 2D Nanofilms, to 3D Interconnected Foam Structures  

D. G. Martin, Z. Luan, R.K. Sandangi, R.R. Carpenter, K.C. Mills, L.A. Morris, C.D. 

Haines  (USA)……………………………………………………………………………….. 498 
 

 

DBX-1 Green Primary use in M55 & M100 Detonators  

N. Mehta, S. Marino, P. Tran, D. Romeo, G. Cheng, K. Oyler,  (USA)…………… 504 
 

 

Accelerated Aging of MTV  

C. Wilharm (USA)…………………………………………………………………… 505 
 

 

Issues and observations during Scale Up of Pyrotechnic Flare Compositions in  

Multiple Form Factors  

C. Yamamoto, E. Miklazlewzki (USA)……………………………………………… 506 
 

 

Ceramic Matrix Pyrophoric Substrates & Structures  

Z. Doorenbos, K. Mills, J. Patino, C. Haines, J. Puszynski  (USA)……………… 507 
 

 

Mathematical Modeling for Separation Behavior of Pyrotechnic Separation 

Device  

D-H. Hwang, J. Lee, J-H Han, Y.J. Lee, D. Kim  (SOUTH KOREA)…………… 508 
 

 

Design and Test on Pyroshock-reduced Separation Device  

Y. J. Lee, Z. Kim, H. B. Chang (SOUTH KOREA)………………………………… 511 
 

 

Study on Direct Write Charging Based on Core-Shell Structured Al/CuO by 

Inkjet Printing 

Y Hu, L. Qian, L. Wu, Y. Ye, R. Shen  (CHINA)…………………………………… 517 
 

 

Electrospun Nanofiber-Based B/NC Composite and their Reactive Properties  

Y. Hong, X. Li, C. Huang, Y. Li, Y. Cheng (CHINA)……………………………… 518 
 

 



ix 

 

Environmental Friendly Cost Effective Alternative Solvent for Sae  

Synthesis of Diazidoglyoxime:  An Important Intermediate for TKX-50  

S. Nandagopal, MB Rohit, A.K. Talawar,  NPN Rao, M. Gupta (INDIA)………… 519 
 

 

Development of a Lean Process to the Lead-Free Primary Explosive DBX-1  

D. Piercey, D. Ford, J. Salan, A. Pearsall, N. Mehta, K. Oyler, G. Cheng (USA)… 520 
 

 

Synthesis and Thermal Decomposition of 2-Difluoroaminomethyl-2-Methyl  

Propane-1,3-diol Dinitrate (DFAMPDN)  

R. Pan W. Zheng, Y. Mei, X. Lin, J. Li, (CHINA)………………………………… 521 
  

European Directive 2013/29/EU and Person with Specialist Knowledge  

L. Aufauvre, C. Michot (France)…………………………………………………… 522 
 

 

Mechanisms of Thermite Reactions during Combustion of Magnesium with  

Lunar and Martian Regolith Simulants 

E. Shafirovich, S. Delgado, S. Cordova (USA)…………………………….…… 525 
 

 

Electrostatic Discharge Degradation of Titanium Potassium Perchlorate  

 W.B. Wente, J.D. Olles and M.D. Willis (USA)………………………………… 526 
 

 

Development of Pyrotechnic Formulations for Deep Bore Well Patching and 

Plugging  

L. Groven, J.C. Poret, A.P. Shaw, F.D. Ruz-Nuglo (USA)……………………… 535 
 

 

Power Density and Operating Conditions for use of the ResonantAcoustic Mixer  

P.A. Lucon (USA)………………………………………………………………… 541 
 

 

Capture of a Particles Cloud Dispersed by an Explosive Charge  

F. Ballanger, D. Counilh, N. Rambert, J.-F. Haas, A. Chinnayya (France)…… 542 
 

 

Capabilities and Success Stories from the U.S. Army's Pyrotechnics Research, 

Development, and Pilot Plant Branch at Picatinny Arsenal  

A. Zimmer, Wesja (USA)…………………………………………………………… 543 
  

Compatibility of Tetranitroacetimidic Acid with the Materials Used  

X. Lin, Y. LI, S. Shao, W. Sheng, R. Pan   (CHINA)……………………………… 544 
  

In-Situ Preparation of Porous Nickel Azide and Its Performance Tests  

Y. Li, Y. Li, S. Cheng, S. Zhu (CHINA)…………………………………………… 547 
 

 

 



J. Salan, Nalas Engineering Services, Inc., (USA) 

KEYNOTE ADDRESS – Engineering Next-Generation Green Pyrotechnics  

1



 

  

P. Lucon, (USA) 

Continuous Processing of Energetic Materials   

2



The Performance Modification of Aluminum Nanothermites Prepared Using
Resonant Acoustic Mixing

David G. Kelly, Pascal Beland, Patrick Brousseau and Catalin-Florin Petre
Defence Research and Development Canada, Valcartier, Québec, Canada

ABSTRACT

The sensitivity of nanothermites to friction and electrostatic discharge (ESD) is of practical concern in the
use of such materials in primer formulations and other applications. In the present work binary and
ternary nanothermites have been prepared using oxide, palmitic acid and Viton passivated aluminium.
These fuels have been combined with MoO3, CuO and Fe2O3 oxidants, singly or as oxide mixtures, using
resonant acoustic mixing. The resultant nanothermites have been examined for their friction and ESD
sensitivity. Ternary nanothermites do not confer improved friction stability. In many cases mixtures are
more sensitive than their corresponding binary nanothermites, with minimum initiation friction of < 5 N
being commonly observed for CuO-containing nanothermites. Although the role of CuMoO4 in the
reaction of MoO3/CuO systems cannot be determined, this material is observed to form from oxidant
mixtures during thermal analysis. CuMoO4 nanothermites themselves display moderate to extreme
friction sensitivity, and react rapidly during thermal analysis. The ESD sensitivity of ternary
nanothermites is largely intermediate between the corresponding binary systems. ESD sensitivity may be
related to fuel and oxidant resistivity, with reduced ESD sensitivity corresponding to high fuel and low
oxidant resistivity.

Introduction

The value of nanothermites as energetic materials and particularly as primers has been recognised
and evaluated in medium and small calibre applications [1-4]. The materials require low initiation
energies and provide high reaction rates [5-8], whilst displaying the same thermodynamic parameters as
those of the historically established thermite reaction [9]. In principle any combination of metal and metal
oxide that exists in a metastable state can be considered, and indeed a wide range of systems remain of
current interest [10-13]. However, a number of factors favour the use of nano aluminium fuel, including
its availability, production cost and the relatively low environmental impact of its reaction products. The
presence of an oxide passivation layer, even for nano materials, also provides increased activation energy
for such an electropositive metal. Nano aluminium production, structure, passivation and reactivity are
actively researched and have been recently summarised [14]. Numerous oxides have been combined with
nano aluminium to afford nanothermite or metastable intermolecular composites (MICs). Nanothermites
formed with oxides of iron, copper, molybdenum, tungsten and bismuth have been extensively studied
and reviewed [15-20].

Although the beneficial properties of nanothermites, such as high energy density and low
initiation energy, are of value in primer applications, and in others such as microthrusters [21], the use of
nanothermites in these applications is hampered by their sensitivity to initiation by friction and
electrostatic discharge (ESD) [19]. The relative insensitivity of nanothermites to impact has been noted by
a number of authors [4,8,22-24]. However, marked sensitivities to friction and ESD are reported. Friction
sensitivities below those associated with lead styphanate [25] have been reported for nanothermites using
aluminium fuel and oxides of tungsten and bismuth [8,24], whilst ESD sensitivity at potentials below
those that can be developed by the human body have been recorded [8,26]. Efforts to tune nanothermite
performance or reduce nanothermite sensitivity by the surface modification of fuels [27] or the use of

3



additives have been reported [28,29], although few reports specifically determine the effect of such
additives on friction sensitivity. The ESD sensitivity and electrical conductivity of thermites and
nanothermites have been investigated in detail [30,31]. The use of graphite and nano diamond additives to
reduce ESD sensitivity have been reported [32,33] and the dependence of ESD sensitivity on the physical
form of the oxidant present has been observed [22].

The present work forms part of a wider activity which investigates many aspects of future small
arms systems. Nanothermite primer formulations that lend themselves to laser initiation form one part of
this project. However, issues of friction and ESD sensitivity hinder both research and future production.
Thus, the present work has investigated potential strategies by which friction and ESD sensitivity may be
ameliorated. Three nano aluminum fuels, with oxide (O-Al), palmitic acid (L-Al) and Viton (V-Al)
passivation have been employed in combination with an oxidant system based on CuO/Fe2O3/MoO3. In
each case friction and ESD sensitivities have been determined, along with thermochemical measurements.

Experimental

Reagents: All three forms of nano aluminium (O-Al, L-Al and V-Al) were obtained from
Reactive Energetics (Montreal, Canada). Total aluminium was measured by instrumental neutron
activation analysis at the SLOWPOKE-2 Facility Royal Military College of Canada. Active aluminium
contents were determined by the NaOH reaction method. CuO (< 50 nm), MoO3 (< 100 nm) and Fe2O3 (<
50 nm) were obtained from Aldrich (Burlington, Canada). CuMoO4 was also supplied by Aldrich, without
defined particle size.

A LabRAM instrument (ResodynButte, USA) of 500 g capacity was employed for resonant
acoustic mixing. Nanothermite mixing used grounded conductive ESD containers (LA Packaging, Yorba
Linda, USA) of diameter 2.5” and height 1” (63.5 x 25.4 mm). Resonant acoustic mixing occurred at 80
G acceleration for 1 min and typical product masses were 0.5-0.7 g. The bulk nanothermite volume
represents ca. 1 % of container volume. Neither mixing time nor volume was optimised.

Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) analyses were
performed using a TA Instruments (Castel, USA) SDT Q600 instrument using 2-5 mg samples in alumina
crucibles. Heating rate and temperature range were 10oC.min-1 and range 40-1100 oC, respectively. Both
argon gas and air were used separately. An FEI (Hillsboro, USA) Quanta 250 was used to collect SEM
images. Friction testing was conducted based on the BICT method (Sensitivity to Friction, BAM Friction
Test) [34]. Friction measurements were determined by the measurement of six negative results.
Electrostatic discharge measurements were made using an in-house system capable of discharges of 5-25
kV, equivalent to 0.006-0.156 J at 0.50 cm. Minimum ignition energy was based on six replicate analyses
at increasing discharge. Resistivity measurements were based on ASTM D 257. Measurements were
made in a Teflon cell with a sample chamber of length 6.0 mm and cross section 3.0 mm2. The
measurement cell was attached to a based unit fitted with electrical connections. A two point system
measurement was found acceptable. A Keysight B2987A electrometer/high resistance meter (Santa Rosa,
USA) was used to determine cell resistance in the mega to teraohm range using voltages of 0.6 - 1000 V.

Results and Discussion

The reactivity of nanothermites is highly dependent on the size and composition of both fuel and
oxidant. In the present study the three nano aluminium fuels were of common origin and production.
Active and total aluminium contents were determined to be 82.6 %, 82.9 % and 72.5 % and 90.8 %, 92.6
% and 82.8 % for O-Al, L-Al and V-Al, respectively. By comparing the loss of hydroxyl and passivation
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components by TGA total mass balances of 100.0 (0.3) %, 105.3 (3.5) % and 104.0 (4.8) % were obtained
for O-Al, L-Al and V-Al, respectively, at one sigma uncertainty. SEM analyses showed a range of particle
diameters from ca. 30-200 nm, with occasional rogue particles of  1 m. Oxidant materials were also
qualitatively assessed for particle using SEM and found to be consistent with their stated dimensions.

Two groups of nanothermite materials were prepared; (i) ternary mixtures comprised of one nano
aluminium fuel and two oxidants, and (ii) binary nanothermites based on a single fuel and oxidant. A total
of 57 nanothermite formulations were prepared during the study and examined for their friction and ESD
sensitivity as well as their thermochemical properties. Illustrative examples of data will be reported here.

Nanothermites are often prepared at non-stoichiometric mole ratios () of fuel (F) and oxidant
(A) with fuel-rich mixtures often providing optimum performance [7], equation 1. In all cases the fuel
oxidant ratio () was maintained at 1.2 in the present work, although it is recognised that the palmitic
passivation will likely be oxidised during reactions in air and more significantly, Viton passivation could
participate in reactions with aluminium [27].

 = 	 (1)

In addition to equation 1, when using more than one metal oxide oxidant, the oxidation state of
each metal must be considered when describing their relative contribution. Quoted oxidant proportions
are based in oxidation state-weighed stoichiometries of each oxidant. Thus, based on equation 1, the
actual number of moles of electrons accepted by the oxidant from the fuel is 3Factual/ or . For a two
oxidant system; = 	 . + . (2)

where and are the moles of oxidant A1 and A2, and and are their respective cation
oxidant states.

Thus, the fraction of reacting oxidant, expressed in an oxidation state-weighted form can be
defined as; 1 = 	 . + 	 . 	 (3)

where = 	 .
and (1 − ) = = 	 .

As a minimum, in the preparation of ternary nanothermites, f1:f2 = 0.75:0.25, 0.50:0.50 and
0.25:075 were used, with further ratios being prepared as necessary.

The greater friction sensitivity of MoO3-based nanothermites, relative to CuO systems has been
reported [8]. In the present work relative, the friction sensitivity of binary nanothermites prepared using
the three oxidants was observed to be MoO3 >> CuO  Fe2O3. It was hoped that mixed oxide systems
might retain the relative insensitivity of copper and iron oxidants, whilst displaying the reactivity
associated with MoO3 in future laser ignition studies. In practice, at least when using CuO oxidant, the
reverse was observed. Mixed oxide systems, even with a small proportion of MoO3 became highly
friction sensitive, often exceeding the sensitivity of either binary system. For O-Al fuel with MoO3/CuO
oxidant, an initial insensitivity of nanothermites containing CuO oxidant (f 1) is observed at f 1 = 1.0 (360
N) and f1 = 0.75 (> 360 N), Table 1. However, friction sensitivity rapidly increased with decreasing
proportions of CuO and the majority of formulations in the range f1 = 0.68–0.07 displayed minimum
friction ignition values ( < 5 N). These data are lower than that recorded for the equivalent binary system
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using MoO3 oxidant (f 2 = 1.0) of 40 N. A similar increase in friction sensitivity was observed for
CuO/Fe2O3 mixtures, whilst those of MoO3 and Fe2O3 largely displayed intermediate sensitivities relative
to their binary nanothermites.

Table 1. Friction and ESD Data for Mixed Oxide Nanothermites of CuO and MoO3 with O-Al fuel.

Oxidant Min. Friction
Initiation

Min. ESD
InitiationCuO MoO3

f1 f2 / N / J
0 1.00 40 < 0.006

0.07 0.93 10 < 0.006
0.13 0.87 10 < 0.006
0.19 0.81 <5 < 0.006
0.25 0.75 < 5 < 0.006
0.50 0.50 20 < 0.006
0.56 0.44 < 5 < 0.006
0.62 0.38 <5 < 0.006
0.68 0.32 20 < 0.006
0.75 0.25 > 360 0.056
1.00 0 360 > 0.156

Thermochemical data were obtained, under argon, for the ternary CuO and MoO3 system f 1 =
0.5, f 2 = 0.5 and for the respective binary systems in conjunction with O-Al fuel, Figure 1. DSC data for
binary systems display onset temperatures of 484 and 559 oC for MoO3- and CuO-based nanothermites,
respectively. Exotherms were observed over a prolonged heating period, whilst enthalpies were 2307 and
1840 kJ.mol-1 for the MoO3 and CuO systems, respectively. These enthalpies represent ca. 50 % of
theoretical values, which are consistent with reported data [35]. Superimposed aluminium melting
endotherms were also observed. Although the onset temperature and enthalpy of the mixed system are
similar, 480 oC and 2107 kJ.mol-1, energy release occurs over a much narrower heating range (ca. 100
oC). These data weren’t sufficient to determine a reaction mechanism for the ternary system; however,
they do suggest that the process is more than simply a weighted average of the binary components.

Further analyses, in the absence of fuel, were performed using mixtures of MoO3 and CuO prepared under
identical conditions to those used for nanothermite mixing. These analyses, conducted in air, displayed a
series of exotherms and endotherms which are consistent with the formation of CuMoO4 [36]. Mass
losses associated with the sublimation of MoO3 and the decomposition of CuO to Cu2O are reduced in
these mixtures, and entirely eliminated when CuO and MoO3 are present in stoichiometric proportions.
Since the timescales and conditions of thermal analyses and friction initiated reaction are entirely
different, it is not possible to determine whether the formation of CuMoO4 has role in the initiation or
propagation of friction initiated nanothermite reactions. However, a nanothermite containing this oxidant
was prepared for comparison purposes.
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Figure 1. DSC Data for Nanothermites formed between O-Al and MoO3, CuO and mixed MoO3

and CuO (f1 = 0.50, f2 = 0.50)

CuMoO4 was obtained as ca. 10 m agglomerations which are composed of nano particles of 50-
200 nm. Resonant acoustic mixing results in nanothermite agglomerations of greater than ca. 5 m.
Block-like CuMoO4 and spherical O-Al are well mixed, although regions rich in fuel or oxidant are
observed, Figure 2.

Figure 2. Nanothermite formed between CuMoO4 and O-Al, as (a) agglomeration, (b) detail.

The friction sensitivity of the nanothermite formed between CuMoO4 and O-Al is moderate (96
N), although the L-Al analogue exhibits a sensitivity of < 5 N. Such results make the potential role of
CuMoO4 in mixed oxide sensitivity unclear. However, thermochemical analysis of the CuMoO4

nanothermite suggests a rapid exothermic reaction which is sufficient to eject reaction products and afford
a variable but significant mass loss, Figure 3. Thus, ternary nanothermites containing simple oxide
mixtures result in materials which exhibit poor friction sensitivity. True mixed oxides may play a role in
this sensitivity, but also provide access to a wide range of materials from which new nanothermites may
be produced.
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Figure 3. DSC/TGA Analysis of the CuMoO4 + O-Al Nanothermite.

The relationship between nanothermite sensitivity to ESD and the oxidant present follows the
same broad relationship as friction sensitivity for the three fuels considered in the present work; that is
MoO3 >> CuO  Fe2O3. Ternary nanothermites were found to be largely intermediate in behaviour. The
sensitivity of systems containing MoO3 is such that, in many cases, reaction initiation occurs for spark
energies lower than 0.006 J. However, it is evident from Table 1 that when the CuO fraction (f1) rises to
0.75 measurable sensitivities were obtained.

Given that the current associated with a spark will generate resistive heating, efforts have been
made to rationalise ternary nanothermite ESD sensitivity by the measurement of resistivity. Although
MoO3, CuO and Fe2O3 exhibit some semiconductor properties, measurements based in surface films or
highly compressed materials suggest relatively high resistivities of the order MoO3 >> Fe2O3 > CuO [37-
39]. Fuel and oxidant resistivity measurements, at voltages from 0.6 to 1000 V, were also made in the
present work. Separate measurements of fuel and oxidant were employed in order to avoid reaction
initiation. The data reported do not represent intrinsic properties, but rather reflect the intercrystal
conductivities obtained for these lightly compressed powders. In general resistivities were decreased by
the sample compression and by the application of higher voltages, observations that are consistent with
the critical nature of intercrystal conductivity.

Data gathered at 20 V, Figure 4 illustrates a similar trend to resistivities observed in films, with
intermediate resistivities being observed for mixtures of MoO3 and CuO prepared by resonant acoustic
mixing. Significant uncertainties were also apparent in the data, which was observed throughout the
study, and which may represent experiment-to-experiment variations of the powder packing. These data,
Figure 4, are consistent with the view that reduced oxidant resistivity may reduce the spark current carried
by the aluminium fuel and thus reduce resistive heating and potential reaction initiation of the fuel. The
significance of resistive fuel heating is supported by the fuel dependence of ESD sensitivity and also by
resistivity measurements. Resistivity measurements of L-Al and O-Al showed complex behaviours, as the
resistivity dropped in an unpredictable manner at higher voltages. However, typical values of 105-107

ohm.cm were observed for each fuel. These values contrast with the ones measured for V-Al, for which
resistivity consistently approached 1011 ohm.cm. Nanothermites containing V-Al and CuO/MoO3

mixtures displayed ESD insensitivity (< 0.156 J) even at compositions of f1 = 0.50, f1 = 0.50. These
observations are consistent with the reduced resistive heating of V-Al fuel.
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Figure 4. Resistivities as a Function of Packing Density for CuO (), Fe2O3 (), MoO3 () and
CuO/MoO3 mixtures of f1 = 0.75, f1 = 0.25 (+),f1 = 0.50, f1 = 0.50 () and f1 = 0.25, f1 = 0.75 (○).

Conclusions

Ternary nanothermites, at least those containing MoO3, Fe2O3 and CuO oxidants, do not show
favourable properties with respect to friction or ESD sensitivity. In the case of friction, ternary
nanothermites containing CuO can actually display greater sensitivity than the corresponding binary
materials. Thermochemical analyses suggests that the reactivity of these ternary nanothermites is not
simply a weighed mean of the binary nanothermites, whilst similar analyses of oxidant mixtures suggest
the formation of true mixed oxides, at least in the case of CuO and MoO3. Whilst the role of CuMoO4 in
friction initiated reactions cannot be determined, nanothermites formed with this oxidant show vigorous
reactions under thermochemical conditions and moderate to extreme friction sensitivity. The ESD
sensitivity of ternary nanothermites is largely intermediate between the corresponding binary systems.
The observed ESD sensitivity may be related to the resistivities of both oxidant and fuel, with low
resistivity oxidant and high resistivity fuel corresponding to lower ESD sensitivity.
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ABSTRACT 

 

A technique is described which enables pyrotechnics to be manufactured as films.  The technique 

does not require pressing or extrusion, and therefore eliminates hazards associated with these 

manufacturing techniques. The technique is versatile, enabling multiple layers to be applied to a 

single film.  Many different compositions have been prepared. In one example, ignition of a film 

was employed to produce glowing letters for pyrotechnic displays.  

 

 
Introduction 

 

There are many ways that oxidants and fuels may be processed to form pyrotechnics.  

The most common procedures are 
1-3

: 

  

 Mixing of powdered fuel oxidant and binder, e.g. sieve mixing by hand or by mechanical 

mixers. This may also include granulation with solvents, such as water, and preparation 

of moistened mixtures or slurries that are subsequently dried, e.g. for firework 

compositions. Loose mixed powders employed in devices include flash bang 

compositions e.g. for military training aids;  

 Pressing of loose or granulated pyrotechnic compositions by hand or with mechanical 

drifts, e.g. for pressing visible illumination flares and infrared (IR) decoy flares; 

 Pressing or extrusion of plastic bonded pyrotechnics that have a significant component of 

uncured or softened polymer binder, e.g. for near-IR illumination flares and IR decoy 

flares.   

 

In addition, less common techniques include: 

 

 Physical vapour deposition of chemicals together, or separately as layers, onto materials 

through techniques such as magnetron sputtering or ion plating 
4-6

;  

 Impregnation of oxidisers into or onto charcoal cloth or paper 
7
. 

                

Of these techniques only physical vapour deposition has been used to produce thin films, 

but this requires specialised facilities e.g. magnetron sputtering sources, vacuum equipment, and 

water cooled targets, and the range of pyrotechnic compositions that can be produced is limited. 

The laboratory scale technique described in this paper starts with sieve mixing of fuel and oxidant 

powders to prepare a pyrotechnic composition, and then sieve this composition into a polymer 

based solution to enable casting of the pyrotechnic film 
8
.     
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Experimental 

 

The pyrotechnic film, “PyroFilm”, was prepared by sieve mixing an oxidant with a fuel, 

usually through a small BSS#52 sieve, and sieving the mixture, e.g. 2 g, into a beaker (e.g. 

600 cm
3

) containing of a solution of 1.00 g polyvinylchloride (PVC) dissolved in 50 cm
3

 of warm 

(50 
o

C) tetrahydrofuran (THF), and allowing the solution to dry in a fume hood.  Larger films 

were  prepared with larger sieves (BSS#60), and commonly 10 g films were prepared using 6.8 g 

of composition and 3.2 g of dissolved PVC.  

 

In order to ensure rapid PyroFilm ignition, a primer layer consisting of boron/potassium 

perchlorate (30:70) was often employed. The primer layer was deposited on top of the initial or 

main pyrotechnic layer after the viscosity of the polymer solution had increased with solvent 

evaporation. To get both sides of a sheet of PyroFilm primed, the primer was deposited first, 

followed by the main pyrotechnic composition. A top primer layer was then deposited to 

sandwich the main pyrotechnic composition between the two primer layers. It was possible to 

build up six layers in this way when intermediate primer compositions were also required.   

 
The dried polymer film was removed from the side and bottom of the beaker using a 

wooden spatula employed. The PyroFilm was then placed for storage in either a paper envelope, 

or conductive plastic pouch, with a desiccant present to avoid adsorption of moisture.  The 

individual 5 cm x 1 cm cut flakes used for testing PyroFilm were usually about 0.4 mm in 

thickness and 0.3 – 0.5 g in mass.     

 
Combustion of PyroFilm flakes was generally undertaken with the flake suspended from 

a clip hanging on a wire.  A pyrotechnic match on the end of a wooden wand was generally used 

for ignition, however electrical initiation using an electric matchead was also employed 

successfully.  For some studies,  a BOMEM 304 FTIR was used to obtain the infrared spectrum 

of the flakes at a distance of 13.5 m at 4 cm
-1

 resolution, 35 scans s
-1

, target area 767.0 cm
2

, 

viewing angle 0.0366 radians. 

 
A range of chemicals have been to make PyroFilm. The chemicals commonly employed 

are potassium perchlorate using a blended mix of 38 m and 63 m particles, barium nitrate 

(Ajax, Unilab LR), strontium nitrate (Ajax, Univar AR), sodium nitrate (BDH AR), ferric oxide, 

aluminium powder (Cap45a), dried aluminium paste (S16), boron (Trona), silicon, magnesium 

(Gr. 5 cut). All oxidants and fuels are dried at 100 °C prior to use. 

 

 

Results and Discussion 

 
Initial experiments were undertaken on inert  polymer films prepared with either the fuel 

or oxidant (Figure 1). Compositions were then sieve mixed by hand and prepared as pyrotechnic 

films. Combustion of a 0.43 g flake of boron / barium nitrate / potassium perchlorate / PVC 

(20:30:30:20) composition is shown in Figure 2, the burn time for the 5 cm x 1 cm flake was 1.8 

s. Combustion of a range of  DST Group PyroFilm flakes resulted in the data presented in 

Table 1.  Different compositions were prepared to show that specific flame colours could be 

produced, e.g.: bright yellow flames used magnesium/sodium nitrate; for bright green flames, 

magnesium/barium nitrate or boron/barium nitrate/potassium perchlorate; for red flames, 

magnesium/strontium nitrate. The presence of a chlorine source from PVC enhances the green 

and red emission associated with barium chloride and strontium chloride radicals respectively 
1
. 
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Figure 1: Individual magnesium and potassium perchlorate PVC films  

 

 
Figure 2: Combustion of 0.43 g boron /barium nitrate/potassium perchlorate/PVC 

(20:30:30:20) PyroFilm 

 

In addition, the effect of pyrotechnic priming was observed. With traditional 

pyrotechnics, ignition from priming compositions is transferred to less ignition sensitive 

compositions.  Sometimes an intermediate primer can be used between first fire and the main 

pyrotechnic charge 
1-3

.  Similarly, with PyroFilm, the main composition may be quite insensitive 

to flame ignition because the proportion of polymer is quite high or the required ignition 

temperature is too high, however if coated with a more sensitive priming composition, such as 

boron/potassium perchlorate, ignition may be more easily transferred. The flame ignition 

sensitiveness of this latter composition is largely dependent upon the proportion of boron fuel to 

potassium perchlorate oxidant, which was usually kept at 30: 70 in these studies.   A higher 

proportion of boron will cause the burn rate to increase 
1

. 

 
For compositions based on magnesium or boron fuels, priming did not appear to improve 

flame ignition, which was readily achieved with or without primer.  However for 

silicon/potassium perchlorate ignitability was improved using either boron powder alone, or with 
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boron / potassium perchlorate primer. The boron/potassium perchlorate (Figure 3) could be made 

as a fast burning pyrotechnic film. 

 

 
Figure 3: Flake of Boron/potassium perchlorate/PVC (0.33:0.33:0.33), 0.3 g 

 

For aluminium powder/ferric oxide thermite composition, priming with either boron or 

boron/potassium perchlorate was either not successful or not reliable, however using a 

plastic thermite primer based on boron/ferric oxide/potassium perchlorate (23:67:10) 

ignition was reliably achieved.  The thermite primer was developed by DST Group to 

reliably ignite plastic thermite
9
.  Films were therefore produced in which 

aluminium/ferric oxide (35:65) was initially deposited into PVC/THF solution. After 

about 30 minutes, a layer of thermite primer was sieved on top, and about 30 minutes 

later an ignition layer of boron/potassium perchlorate was also sieved on top and the film 

dried.  After drying, shapes could be cut from the film, e.g. Figure 4a, and after ignition 

the shapes would glow for several seconds, Figures 4b. Letters could also be cut from 

thermite PyroFilm, allowing miniature “lance work” type pyrotechnic combustion to be produced 

as shown in Figure 5. 

 

 

  
 

Figures 4a and 4b: Thermite PyroFilm, 0.88 g, before and after ignition 
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Figure 5: Acronym DSTO cut from pyrotechnic sheet, after ignition, with thermite glow 

 
Multilayer films with six layers of pyrotechnic composition were prepared, as shown in 

the schematic in Figure 6, however when fast burning primer composition was underneath the 

thermite layer, the expanding gas produced underneath causes the pyrotechnic sheet to move 

upon ignition. Three layer films were sufficient to achieve the required thermite glow.  

 

 
 

Figure 6: Schematic of multilayer thermite based PyroFilm 

 
In addition to producing visual effects, Fourier transform infrared (FTIR) emission 

spectroscopy measurements were made on flakes of PyroFilm of 1 g or less in mass at 13.5 m 

distance. These emission spectra show spectral infrared emission associated with combustion 

products, in particular mid-IR emission for carbon dioxide and potassium metaborate 
10

 

(Figure 7), and far-IR emission possibly from potassium metaborate at around 9.5 micrometres 

(Figure 8).  
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Figure 7: Emission spectra of boron/potassium perchlorate in the mid-IR 

 

 
 

Figure 8: Emission spectra of boron/potassium perchlorate in the far-IR 

 

Silicon/potassium perchlorate PyroFilm primed with boron/potassium perchlorate showed 

far-IR emission associated with silicon monoxide 
11-12 

(Figure 9). The thermite emission however 

showed only unstructured grey body emission (Figure 10).  
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Figure 9: Emission spectra of primed silicon/potassium perchlorate in the far-IR 

 

 

 
 

Figure 10: Emission spectra of primed aluminium/ferric oxide thermite  in the far-IR 

 
Conclusion 

 
A new technique has been demonstrated for the preparation of pyrotechnic films without 

the use of pressing, extrusion or physical vapour deposition. One of the advantages of preparing a 

pyrotechnics film with the method described here is that sensitive mixtures can be employed in 

the film as little mechanical pressure is used during preparation. Many different oxidants and 
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fuels can be employed using the technique, enabling different visual and infrared spectral effects. 

The multilayer preparation of the PyroFilm sheets enables shapes and letters to be cut from the 

sheets which glow upon ignition. 
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ABSTRACT

Mechanically alloyed reactive materials are promising for using in various energetic and gas-generating
compositions. Here, the use of these materials is explored in combustible mixtures for generation of
oxygen, hydrogen, and iodine. The mixtures for oxygen generation included a mechanically alloyed
Al·Mg powder and sodium chlorate, while those for hydrogen generation consisted of the Al·Mg powder
and gelled water. The mixtures for iodine generation included a mechanically alloyed Al·I2 powder with
one of the following oxidizers: Fe2O3, CuO, MoO3, Bi2O3, and I2O5. The mixtures were ignited by a CO2

laser. The experiments with the oxygen-generating mixtures have shown that the mechanically alloyed
Al·Mg is a promising alternative to the currently used iron powder enabling a steady flame propagation
while using smaller amounts of the metal additive. The hydrogen generation experiments revealed that
mixtures of gelled water with the mechanically alloyed Al·Mg powder burn faster than those of water
with nano-Al. Mixtures of the Al·I2 powder with CuO, MoO3, Bi2O3, and I2O5 exhibited a self-sustained
propagation of the combustion front. Comparison with the observations for mixtures based on a micron-
sized Al powder revealed the difference between reaction mechanisms for thermites based on metal
oxides and on iodine pentoxide.

1 INTRODUCTION

Because of their high energy density, easy ignition, and good storability, mechanically alloyed reactive
materials have the potential to improve the performance characteristics of various energetic and gas-
generating compositions. Mechanically alloyed Al·Mg [1, 2] and Al·I2 [3-5] powders were shown to be
more promising fuels than regular alloys or pure metals. This paper presents some of the results obtained
in recent studies on combustion of oxygen- and hydrogen-generating mixtures based on mechanically
alloyed Al·Mg powder as well as of iodine-generating mixtures involving mechanically alloyed Al·I2

powder. For more information on these studies and the obtained results, see Refs. [6-8].

1.1 Oxygen generation

Chemical oxygen generators are widely used for aircraft, spacecraft, submarines, and mine rescue [9].
Oxygen-generating compositions typically include alkali metal chlorate or perchlorate (e.g., sodium
chlorate, NaClO3) that decomposes at increased temperatures with release of oxygen. Increased
temperatures are achieved by an exothermic reaction between an added metal fuel (e.g., iron) and part of
the product oxygen. The compositions also include a transition-metal oxide catalyst (e.g., cobalt oxide,
Co3O4) that significantly decreases the decomposition temperature of the oxygen source [10-12]. As a
result, oxygen is generated through a self-sustained propagation of the decomposition/combustion wave
over the generator’s chemical core.

In oxygen generators, the metal fuel consumes part of the product oxygen, thus lowering the
oxygen yield per unit mass. It is of interest to minimize the amount of metal fuel, but decreasing its
content leads to undesired pulsations of the combustion wave and oxygen flow rate [13-15]. The present
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paper explores the feasibility of replacing iron, currently used in oxygen generators based on sodium
chlorate, with mechanically alloyed Al·Mg powder.

1.2 Hydrogen generation

It is known that the mixtures of water and nanoscale aluminum powder are combustible and can be used
for hydrogen generation [16-18]. However, nanoscale Al powders are relatively expensive, difficult to
handle, and have substantially reduced active aluminum content. Replacing nano-Al with a micron-sized
metal powder is, therefore, desirable provided this does not deteriorate the combustion performance. The
mechanically alloyed Al·Mg powder consists of relatively large particles and the fabrication method is
simple and readily scalable. Also, the rate of Mg reaction with distilled water is very low [19] so that
mixtures of Al·Mg powder with water are expected to be stable. Thus, it is of interest to consider this
powder as a substitute for nanoscale Al in the mixtures with water.

The objective was to investigate mixtures of water and mechanically alloyed Al·Mg powder,
specifically, to explore their combustion and determine hydrogen yield. Also, to further increase the
hydrogen yield, the addition of ammonia borane to these mixtures was investigated. The results obtained
for mixtures containing ammonia borane are reported elsewhere [7].

1.3 Iodine generation

Halogen-containing reactive materials could be used for mitigating the spread of hazardous, active
biological microorganisms aerosolized as a result of explosion [20, 21]. Different methods for
incorporating halogens in reactive materials have been considered. In particular, reactive compositions
including halogen-containing thermites have been explored [22-26]. The tested mixtures included metal
powders and halogen-containing oxides such as iodine pentoxide (I2O5) and silver iodate (AgIO3).

Relatively low ignition temperatures of mechanically alloyed aluminum-iodine (Al·I2) powder [4,
5] imply that it can substitute aluminum in thermite mixtures, thus serving as a fuel and, at the same time,
the source of iodine. It is expected that the use of this material instead of aluminum in thermite mixtures
based on iodine-containing oxides would increase iodine yield, while maintaining the mixture’s high
energy density. Further, thermite mixtures of Al·I2 powder with oxides of metals such as iron, copper,
bismuth, and molybdenum could be used for iodine generation when relatively small amounts of iodine
are sufficient and the use of unstable and hygroscopic iodine-containing oxides is not desired.

The objective was to investigate combustion of thermite mixtures that include the mechanically
alloyed Al·I2 powder and the following oxides: Fe2O3, CuO, MoO3, Bi2O3, and I2O5. It was also desired to
compare combustion characteristics of these mixtures with those of thermites based on commercial,
micron-sized Al powder.

2 EXPERIMENTAL

2.1 Preparation of oxygen-generating mixtures

Starting materials used in the synthesis of the Al·Mg alloys [1, 2] included elemental powders of Al
(Atlantic Equipment Engineers, 99.8% pure, -325 mesh) and Mg (Alfa-Aesar, 99.8% pure, −325 mesh).
Mechanically alloyed powders were prepared following a two-stage procedure [1, 2]. Powders with four
Al·Mg mole ratios were tested: 4.7:5.3, 7:3, 4:1, and 9:1. Note that 4.7:5.3 mole ratio corresponds to 1:1
mass ratio.

Iron (99.9% metal basis pure, <10 µm) was purchased from Sigma Aldrich and used as received.
All tested compositions included 3 wt% of cobalt oxide (Co3O4, 99.5% metal basis pure, <50 nm, Sigma
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Aldrich) and 3−5 wt% of metal fuel, with the balance of sodium chlorate (ACS reagent, 99.0% pure,
Sigma Aldrich).

To decrease the particle size and thus make a more uniform mixture, sodium chlorate was milled
in a roller mill (Labmill-8000). The milled NaClO3 was mixed with Co3O4 and the metal fuel in a tumbler
mixer (BioEngineering Inversina 2L). The mixtures were compacted into cylindrical pellets (diameter: 13
mm, length: 20 mm) using a uniaxial hydraulic press (Carver). The pressing force was equal to 19.6 kN
(pressure: 148 MPa). The relative density of the pellets was 0.80 ± 0.01.

2.2 Preparation of hydrogen-generating mixtures

Reaction of the mechanically alloyed Al·Mg (1:1 mass ratio) powder with hot water was investigated
with a setup that includes a digital hotplate (Scilogex MS7-H550-Pro) and a system for measuring the
volume of released gas based on water displacement in an inverted graduated cylinder. A sample (0.7 g)
of the Al·Mg powder was submerged in 750 mL of deionized water at 80 °C. After 24 hours of heating,
no reaction was detected. This implies that the mixtures of this powder with water may remain stable for a
long time.

The mechanically alloyed Al·Mg powder (1:1 mass ratio) was mixed with deionized water. To
prevent sedimentation of particles, water was gelified by adding polyacrylamide (PAM, linear formula
(C3H5NO)n, mass average molecular mass 5·106 − 6·106, Sigma). First, the gellant was added to water and
mixed manually for several minutes. Then the Al·Mg powder was mixed (also manually) with the
obtained gel. The mass fraction of water in the metal-water mixture was varied from 10 to 60%. A sample
of the resulting mixture was then placed in a quartz tube (inner diameter 7.5 mm, thickness 1 mm, height
25 mm) for the combustion experiments.

2.3 Preparation of hydrogen-generating mixtures

Mechanically alloyed Al·I2 (20 wt% I2) powder was fabricated by ball milling at the liquid nitrogen
temperature.  Details are given elsewhere [3]. A commercially available aluminum powder (97.5% pure,
spherical, Alfa Aesar) was used in experiments conducted for comparison. Bismuth (III) oxide (Bi2O3,
99.9% pure), copper (II) oxide (CuO, >99.0% pure), and molybdenum (VI) oxide (MoO3, 99.5% pure)
were obtained from Alfa Aesar, while iron (III) oxide (Fe2O3, >99% pure) and iodine pentoxide (I2O5,
98% pure) were supplied by Sigma Aldrich. Particle size distributions of the used powders were
determined using a multi-laser particle size analyzer (Microtrac Bluewave) with isopropyl alcohol as the
carrier liquid.

Both Al and Al·I2 powders were mixed with the oxides according to the stoichiometries of Al-
oxygen reactions, i.e., I2 was considered as an inert additive. The mixing was conducted in an acoustic
mixer (Resodyne LabRAM) with an intensity of 40% for 2 min. Wet (hexane) mixing was used. The
mixtures were compacted into pellets (diameter 6 mm, height 6-14 mm) using a uniaxial hydraulic press
(force 9.8-14.7 kN).

2.4 Combustion experiments

Laser ignition was used to initiate combustion of all tested mixtures. The experimental setup includes a
stainless steel chamber (volume: 11.35 L), equipped with a door port, windows for observation and video
recording, a zinc selenide window for introducing the laser beam, and a pressure transducer (Omegadyne
PX-409-030AI). The chamber is connected to a mass-spectrometer (Pfeiffer Omnistar GSD 320) for
analysis of generated gases.
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Before each experiment with oxygen- and hydrogen-generating mixtures, the pellet or the quartz
tube with the sample was installed vertically on a brass pedestal and the chamber was evacuated and filled
with ultra-high purity argon to 1 atm. An infrared beam of a CO2 laser (Synrad Firestar ti-60) was
introduced into the chamber vertically and directed to the top of the sample. The power of the beam after
passing the beam delivery system and ZnSe window was measured with a powermeter (Synrad PW-250)
and controlled using a laser controller (Synrad UC-2000), while the duration of the laser pulse was
controlled using LabVIEW (National Instruments) software. After ignition, the combustion front
propagated downward through the sample. The propagation was monitored using a digital video camera
(Sony XCD-SX90CR).

For combustion of oxygen-generating mixtures, an infrared video camera (FLIR SC7650E) was
also used. The emissivities of tested pellets were determined in special experiments involving black-body
models heated on a hot plate. In each combustion experiment, a dynamic temperature map of the pellet
surface was generated. The matrix with the temperature-time data was transformed into temperature-
distance profiles at different instants of time so that the thermal wave propagation was visualized. The
maximum temperature in the flame front and its propagation velocity were used as combustion
characteristics of the mixtures.

In hydrogen generation experiments, mass-spectroscopic analysis of the released gases was
performed after cooling to room temperature. To enable quantitative analysis, the mass-spectrometer was
calibrated using hydrogen (H2, 99.999% pure, Airgas), deuterium hydride (HD, 96 mol% HD, 98 at% D,
Aldrich), and deuterium (D2, 99.8 at% D, Aldrich). Condensed products were characterized using X-ray
diffraction analysis (Bruker D8 Discover XRD).

Experiments with iodine-generating mixtures were conducted in air at atmospheric pressure. The
stainless steel chamber was used to support a smaller, aluminum chamber (inner diameter 70 mm, length
160 mm), which was equipped with two removable window ports and a zinc selenide (ZnSe) window.
The pellet was installed vertically on a brass pedestal inside the aluminum chamber. The laser beam
entered the chamber through the ZnSe window to heat the pellet at the top. A custom-made electronic
circuit based on a photoresistor shut down the laser pulse upon the ignition. A high-speed video camera
(Vision Research Phantom v1210), equipped with a lens for macro shooting (Nikon AF Micro NIKKOR
60mm f/2.8D), was used for observations of the combustion process and measurements of the flame front
velocity.

3 RESULTS AND DISCUSSION

3.1 Combustion of oxygen-generating mixtures

When iron was used as the metal fuel, 5 wt% Fe was needed for a self-sustained combustion. The flame
front propagated with an average velocity of 0.22 mm/s, with a maximum combustion temperature of
700 °C.

For direct comparisons with iron, all the mixtures were tested for ignition with 5 wt% of the
additive. No ignition was observed for the mixtures with Al·Mg if the concentration of Mg was 20 mol%
or less. For Al·Mg (7:3), the mixture burned slightly better than that with 5 wt% Fe. Also, 5 wt% was the
minimum required concentration of the additive. For Al·Mg (4.7:5.3), the maximum temperature was
significantly higher than for Fe (though lower than for Mg) and the front velocity was twice the velocity
for Fe.

For Al·Mg (4.7:5.3), the mixture with 3 wt% additive burned with the front velocity being equal
to 0.24 mm/s, i.e., as fast as the mixture with 5 wt% Fe. The measured temperature was equal to 685 °C.
An increase in the concentration to 4 wt% enabled one to reach the flame speed and temperature of 0.37
mm/s and 767 °C, respectively.

Analysis of the obtained experimental results shows that the replacement of Fe with the same or
even smaller amount of Al·Mg (4.7:5.3) material increases both the combustion front velocity and the
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maximum temperature. In addition, the replacement of Fe with Al·Mg (4.7:5.3) leads to a more uniform
propagation of the combustion front.

The pulsating and steady modes of the combustion front propagation can be seen clearly from the
dynamics of temperature-distance profiles, obtained using infrared imaging. Figures 1 and 2 show the
time variation of the maximum temperature in the combustion wave and the distance traveled by the
flame front as a function of time (a temperature of 400 °C in the front was taken to characterize its
position). It is seen that for the mixture with 5 wt% Fe (Fig. 1), the maximum temperature fluctuates from
450 °C to 770 °C and the front motion includes complete stops and rapid jumps forward. The stops
correlate with the periods of temperature fall, while the jumps occur when the temperature rises. On the
contrary, for the mixture with 5 wt% Al·Mg (Fig. 2) the fluctuations are much smaller and the front
propagates steadily.

Fig. 1. Time variation of the maximum temperature in the combustion wave and the distance
traveled by the front vs time for the mixture with 5 wt% Fe [6].

Fig. 2. Time variation of the maximum temperature in the combustion wave and the distance
traveled by the front vs time for the mixture with 5 wt% Al·Mg [6].
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As noted above, a decrease in Al·Mg concentration from 5 wt% to 3 wt% makes the combustion
characteristics similar to those for the mixture with 5 wt% Fe. The combustion also becomes pulsating.
The front pulsations, such as those observed at 5 wt% Fe and 3 wt% Al·Mg, lead to the fluctuations of the
oxygen flow rate, which are highly undesired in emergency oxygen generators.

XRD analysis indicated that both Al and Mg were oxidized during combustion of the mixture.
Apparently, ignition of Mg creates local temperatures that are sufficient for the ignition of Al. This
explanation is in agreement with prior results on the combustion of mechanically alloyed Al·Mg particles
where it was shown that their ignition temperatures are close to those for Mg (much lower than for Al)
and that Mg selectively burns first (stage I) followed by combustion of Al (stage II) [1, 2].

The results on combustion of NaClO3-based mixtures with Al·Mg (4.7:5.3 mole ratio) additive
are remarkable. It is well known that a decrease in the exothermicity of the reaction leads to the transition
from a steady propagation of the front to the pulsating combustion regime [27]. The pulsating propagation
of the combustion wave over a NaClO3-based oxygen generator has been demonstrated experimentally
[13, 14] and numerically [15]. Since Al·Mg additive is more energetic than iron, steady combustion
requires a smaller concentration of metal fuel. Note also that, in contrast with Mg, mechanically alloyed
Al·Mg powder is expected to have much better storage characteristics [28, 29]. Thus, the use of this
powder in chemical oxygen generators is worth of further consideration.

3.2 Combustion of hydrogen-generating mixtures

The attempts to ignite stoichiometric mixtures of mechanically alloyed Al·Mg powder and water with no
gellant were unsuccessful. Thickening water with 3 wt% polyacrylamide made the mixtures combustible
over a range of water concentrations from 10 to 60 wt%. Figure 3 shows average velocities of the
combustion front measured in these mixtures.

Fig. 3. Combustion front velocities in Al·Mg−water
mixtures vs water concentration [7].

Fig. 4. Hydrogen yield in Al·Mg− water
mixtures vs water concentration [7].

The measured combustion front velocities were compared with the data obtained for
stoichiometric nano-Al−H2O compositions at a pressure of 1 atm (or 0.1 MPa) where water was gelled
with 3 wt% PAM [16, 18]. The comparison shows that the front velocity for the mechanically alloyed
Al·Mg powder significantly exceeds those for 120-nm Al powder (2 mm/s [16]) and 38-nm Al powder (7
mm/s [18]). It is important that the 38-nm powder had an active aluminum content of only about 54.3
wt% [18], while the fraction of oxidized metal in the mechanically alloyed Al·Mg powder is not expected
to exceed 2 wt%. This assessment was made based on detailed X-ray diffraction characterization and
thermogravimetric studies of oxidation of these mechanically alloyed powders [1].
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Using binary Ar/H2 gas mixtures with different hydrogen contents, the mass-spectrometer was
calibrated to measure H2 concentration in the gas environment after combustion. Figure 4 shows the
obtained values of hydrogen yield in comparison with theoretical values calculated assuming the
complete conversion. It is seen that the efficiency of hydrogen release from the stoichiometric mixture is
about 80%. Part of water might have evaporated from the mixture during laser heating and during the
combustion front propagation.

3.3 Combustion of iodine-generating mixtures

The particle size measurements have shown that mechanically alloyed Al·I2 powder and oxides of copper
and molybdenum have similar size distributions, with the mean volume diameter being in the range from
20 to 30 µm for all three powders. Oxides of bismuth and iron are finer (the mean volume diameter is 4
µm for the former and 10 µm for the latter). The tested commercial Al powder is characterized by a mean
volume diameter of about 8 µm, i.e. it is finer than mechanically alloyed Al·I2 powder.

Several experiments were conducted with each mixture. Figure 5 shows still images from the
obtained videos. The mixtures of Al·I2 and Fe2O3 powders did not ignite. The only effect of laser heating
was ejection of fragments and gradual destruction of the pellet (Fig. 5-a). The mixtures of Al·I2 with
MoO3, Bi2O3, and CuO powders ignited and burned in a self-sustained manner with average front
velocities varied in the range of 6–18 mm/s (Figs. 5-c − 5-d).

(a) (b) (c) (d) (e)
Fig. 5. Combustion of mechanically alloyed Al·I2 powder with (a) Fe2O3, (b) MoO3, (c) Bi2O3,

(d) CuO, and (e) I2O5 [8].

The mixtures of Al·I2 and I2O5 powders also burned steadily with a front velocity of 13-16 mm/s,
but the combustion zone looks different compared to other thermite systems (Fig. 5-e). Instead of a
uniform luminous zone, the combustion front consists of numerous hot spots, separated from each other.
It is seen how the incandescent fragments are ejected from the pellet, leading to the full dispersion of the
material.

The observed similar velocities of the front propagation in all mixtures with Al·I2 powder indicate
that the reaction may be controlled by the processes related to the metal particles. Prior studies [30] have
shown that low-temperature oxidation of Al particles is controlled by outward diffusion of Al ions to the
exterior of the oxide shell covering the metal. It is possible that this process also controls the reaction
between Al·I2 and metal oxide particles during propagation of the combustion wave over their mixture.
The non-ignition of Al·I2/Fe2O3 mixtures correlates with the high ignition temperature of Al/Fe2O3

thermite as compared with those of other aluminum – metal oxide thermites [31].
In the comparison experiments with mixtures based on commercial Al powder and the same

metal oxides (MoO3, Bi2O3, and CuO), a much faster combustion was observed: the front velocities
exceeded 100 mm/s, which may be associated with a smaller size of Al particles. In contrast, combustion
of the mixture of Al and I2O5 powders was relatively slow (ca. 5 mm/s) and unsteady.

Apparently, for mixtures based on metal oxides, the ignition is a result of direct interfacial contact
between fuel and oxidizer, leading to a condensed state mobility of reactive species [31]. The mechanism
of oxygen transport to metal particles during combustion of I2O5-based thermites is probably different.
Since iodine pentoxide decomposes to O2 and I2 at a relatively low temperature of about 400 °C [23], it is
likely that the thermite reaction involves oxygen gas. It has been observed earlier that at such
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temperatures, mechanically alloyed Al·I2 powder rapidly reacts with gaseous oxygen [4, 5]. In contrast,
significant oxidation of conventional micron-sized Al powders begins at a much higher temperature,
when I2O5 is already expected to decompose. Thus, the zones of I2O5 decomposition and Al oxidation in
the combustion wave may be spatially separated, causing the observed decrease in the front velocity and
unsteady combustion of Al/I2O5 thermite.

4 CONCLUSIONS

Experiments on combustion of sodium chlorate-based mixtures have shown that mechanically alloyed
Al·Mg (1:1 mass ratio) material is a promising alternative to the currently used iron. Significantly smaller
amounts of this additive are needed for a steady propagation of the combustion wave and respective
steady oxygen generation.

Mixtures of mechanically alloyed Al·Mg powder with gelled water are combustible. The
velocities of combustion front propagation exceed the values obtained for mixtures of nanoscale Al
powder with gelled water. At the same time, no reaction was detected between mechanically alloyed
Al·Mg powder and hot water, which indicates that the mixtures can remain stable for a long time.

Mixtures of the mechanically alloyed Al·I2 powder with MoO3, Bi2O3, CuO, and I2O5 exhibit
similar burn rates, apparently controlled by outward Al diffusion through the oxide shells of metal
particles. Comparison experiments with a finer, micron-sized Al powder have shown a more rapid
combustion for mixtures based on metal oxides, but a slower and unsteady combustion for Al/I2O5

thermite. These observations may be associated with different reaction mechanisms. In mixtures with
metal oxides, the reaction likely occurs at the fuel-oxidizer interface, while in mixtures with iodine
pentoxide, aluminum reacts with gaseous oxygen released by the oxide decomposition.
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Engineered Particles for Improved Propellants and Their Characterization

Steven F. Son, Purdue University, West Lafayette, IN 47907

Conventionally, composite propellant formulators could only change constituents and their size
distributions. Nanoscale ingredients have promised to improve performance; however, the high
surface area brings unintended consequences such as poor rheology and ultimately unacceptable
mechanical properties, making adoption unlikely. In this presentation I will review some recent
efforts to tailor particles to achieve improved performance. One approach explored is to
encapsulate nanoscale materials into crystalline particles. This can be accomplished by using a
fast crash process, for example. Another dominant solid component in many composite
propellants is aluminum powder. The products of aluminum oxidation also give rise to two-
phase-flow velocity and thermal lag losses which reduce the delivered performance. The
conventional approach of just replacing micrometer-sized aluminum with nanoscale aluminum
has not proven to be a viable approach. An alternative is to engineer or tailor the intraparticle
structure of micrometer sized particles to have nanoscale features. An alternative approach to
these engineered aluminum particles is to consider alloys. An example will be presented here of
initial results from an aluminum-lithium alloy based solid propellant. The burning surface was
observed to eject drops from the surface. Some of these droplets, especially the larger ones,
continue to boil in a dispersive manner, launching smaller droplets from the mother droplet
(termed dispersive boiling here). Much work lies before us in developing each of these
approaches to the level that full implementation can occur, but results appear promising and
allows formulators many more choices to solve long-standing problems.
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Impact Ignition Threshold and Combustion Performance of Metal Composite
Reactive Materials

Phillip Martellaro, Ed Siccardi Jr., Steve Thoma, Vern Hoffman, Gregory Knowlton and
Bernard Kosowski

Reactive Metals International, Inc. 340 East Church Rd. King of Prussia, PA 19406

ABSTRACT

Reactive Metals International, Inc. (RMII), has designed and built a Pneumatic Impact Testing
Apparatus (PITA) for qualitative and quantitative analysis of impact ignition energies for consolidated
reactive materials. The PITA has proven to be an essential tool for routine, cost effective impact testing of
reactive materials. The PITA can launch a spherical (0.375” diameter) steel projectile or cylindrical brass
sabot creating impact energies ranging from 50 Joules to greater than 850 Joules, corresponding with
projectile velocities of 100m/s to 700m/s. Ignition is detected through a piezoelectric pressure sensor. The
ignition threshold energy and total energetic output is demonstrated for a metal composite composition
consisting of MoZrWAl and MoZrWAl(MoO3). The reactive metal compositions have been prepared by
high energy ball milling and consolidated into 0.250” pellets using a hydraulic press. The effectiveness of
the PITA is exemplified by its accuracy, high throughput and low cost for the routine evaluation of impact-
ignition sensitivities/energies for reactive materials. Typically, ignition threshold energies for reactive
materials can be determined with a sensitivity of a few Joules. The time necessary to produce the ignition
data for a material can be done in a single day using 15-30 rounds.

Introduction

Numerous compositions of Reactive Materials (RM’s) are currently being developed with
applications in areas such as enhanced blast, reactive armor, ordnance liners and multifunctional frangible
casing. [1, 2, 3, 4, 5] “Reactive materials” are defined as materials that do not detonate, but are capable of
rapid exothermic reactions. General interest in reactive materials includes nanocomposites of metal alloys,
intermetallic composite and thermite type systems. (RMII) produces these composites through mechanical
milling using a high energy planetary ball mill. Preparation by mechanical milling offers a unique set of
advantages, including an inexpensive manufacturing method, versatility in selecting material composition,
and readily adjustable material sensitivity and other physical properties such as density or strength. [6]

The primary challenge of producing reactive structural composites is to achieve adequate
mechanical strength of consolidated reactive powders along with tunable reactivity. An important
consideration is how the reactivity is affected with increasing consolidation. As materials become more
consolidated, their ignition threshold should become greater, and accurate measurement of this reactivity is
essential to develop the methods to produce useful materials.  RM ignition can occur through different
stimuli such as thermal, electrical or mechanical. RMII is predominantly interested in ignition through
mechanical methods, because the RM’s currently produced at RMII have been developed for applications
requiring ignition upon impact.

There exist numerous impact testing devices throughout the US, but in most cases these devices
are developed for specific materials and applications, or to run certain specified test protocols, e.g. safety
testing. Cost effective impact measurements are not readily available with the existing devices, of which
very few are designed for high throughput screening of RM’s. As new RM compositions were identified
and made at RMII, an effective and simple impact testing method was needed for routine determination of
the impact sensitivity of the RM’s. In addition to determining the ignition threshold for RM’s, a device was
desired that also could measure pressure of the combustion event. As RMII continued to expand its
commercial and research material portfolio, it became essential to have a device that could not only give
basic ignition data, but could be readily modified and expanded to study different ignition events. So RMII
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set out to develop a robust, effective, high throughput testing device. The goal was a device that could not
only be used for internal research and development, but one that could also be marketed as a service to the
materials community. [7, 8]

Also of interest in the development of the PITA device is the ability to have techniques to
quantitatively validate ignition/initiation mechanisms for reactive materials. This need may necessitate the
future incorporation of specialized instrumentation such as a spectrometer or high speed camera to study
the ignition event. Effective incorporation of this refinement would allow a more detailed study where
information can be determined on the relationship between loading, ignition and propagation of the RM.
The PITA was designed to easily attach additional devices.

Experimental

Intermetallic Compositions - The general preparation of the intermetallic composites consist of
high energy ball milling using a Retsch PM 400 planetary mill and 500 ml stainless steel milling jars. In an
inert atmosphere glove box, the metals are combined in the milling jars at the appropriate ratios. The metal
powders typically used are -325 mesh, but in the case of zirconium, 50um granules are used. Milling is
typically done with a 3:1 ball to powder mass ratio, and process control agents (PCA) were used at 1-5
weight % of total powder mass. The milling parameters vary from 250 to 350 rpm for 4 to 15 hours. All
powders and chemicals materials for both the intermetallic composites and thermites were used as received
from the suppliers. Mass percent of the Al:Mo:W:Zr was nominally 6:78:8:8

Thermite Compositions - The general preparation of the thermite composites consist of high energy
ball milling the metals and metal oxide at stoichiometric proportions and up to 4 fold excess of metal fuel.
All materials are combined in custom made high pressure 150 ml milling jars in an inert atmosphere glove
box. Milling is typically done with a 3:1 ball to powder mass ratio with PCA added at 10-15 weight % of
total mass. The milling parameters vary from 150 to 350 rpm for 30-120 minutes. The 2Al:MoO3 thermite
was made stoichiometrically.

The ¼” to 2” pellets for impact testing are made using a 12 ton, manual bench-top Carver press.
Ignition of a fixed position pellet containing the RM is triggered in the PITA by launching a 3.5g, spherical
hardened steel projectile at the material mounted on a 1” steel target plate. The projectile is launched at
velocities up to 2250fps (700m/s), which corresponds to an impact energy of 750J. Experiments can be
performed aerobically or anaerobically. Anaerobic measurements are accomplished by introducing nitrogen
gas through a small port mounted on the side of the box. The box is flushed with a minimum of 5x the
volume of nitrogen to the volume of the box. A piezo-electric pressure transducer is fixed to the side of the
box. The target box is sealed except for the small orifice where the projectile enters the box, so the pressure
output is a quasi-static pressure measurement. The quasi-static pressure measurements can be used to
evaluate the combustion performance of reactive materials. [3, 4] All of the PITA measurements performed
and reported below were done anaerobically. Figure 1 below shows a generalized schematic of the
components that constitute the PITA.

The primary non-analytical components of the PITA consist of the projectile launcher and target
box. The projectile launcher is capable of holding up to 3000 psi of launch gas (He), which will launch
the projectiles on the order of 700m/s. The target box consists of a steel target plate where the sample to
be analyzed is mounted, the pressure transducer is positioned perpendicular to the target plate holding the
sample. The target box can also be fashioned with a Si photodetector also positioned 90o to the sample.
Light and pressure measurements from the photo cell and pressure transducer are monitored remotely
using Picoscope™. The portion of the target box lid covering the compartment containing the light
detector and pressure measurement equipment is sealed, making a quasi-static pressure measurement
possible. Correlating the pressure in the sealed chamber and energetic output is summarized below. The
methodology and derivation of correlating the quasi-static pressure measurement and energetic output is
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fully described by Ames. Additionally, Zhang also has a good description of the methodology for
calculating energetic output with peak pressure. [9, 10]

Figure 1. Schematic of the PITA

The compact design of the PITA made it necessary to negate the dynamic air overpressure from
the launching of the projectile. A series of baffled compartments in the target box reduces the
overpressure from the launching to essentially zero. The baffles are depicted in figure 1. Blank
measurements confirm that essentially no pressure from the muzzle is detected inside the PITA box.

Results

The Pneumatic Impact Testing Apparatus (PITA) was developed to determine the impact-ignition
threshold of consolidated energetic composite materials. The PITA was originally built in conjunction with
a US Army and US Air Force Phase I SBIR contracts. [7, 8] The development also benefited existing work
at RMII, which makes a variety of energetic materials. A device was needed that could quickly give useful
information on the impact ignition sensitivity for consolidated materials. Based on the PITA determined
ignition sensitivities, the high energy ball milling processing variable can be varied, effectively tuning the
ignition threshold to the desired level. While the design of the PITA was initially focused on the need for
determining the ignition threshold of a RM, requiring just a qualitative measurement, measuring total
energetic output of combustion was also developed.

The PITA is equipped with an in-line laser chronograph which is not shown in figure 1. The in-line
chronograph allows for accurate projectile velocity measurements with each shot, which is used to calculate
the impact energy. Having detailed information on the velocity also makes it possible to know precisely the
time of impact, giving a relative ignition rate of the RM. Table 1 shows the velocity and typical impact
energy for  3/8” diameter, 3.5g projectile.

An example of a typical pressure trace recorded for the RM Al:MO:W:Zr is presented in figure 2.
The raw data (blue points / grey lines) shows the initial impact and the reflected shock and subsequent
decay. To produce the quasi-static pressure trace referred to by Ames, the raw data was smoothed using a
10-point moving average (red points) followed by a polynomial fit (black line).  The peak voltage from the
polynomial fit was used to calculate the peak pressure generated.
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Table 1. Velocity and Impact Energy for the PITA Using 3/8”, 3.5 g, Steel Projectile
Launch Pressure (psi) Projectile Velocity (fps) Joules Upon Impact

250 700 80
500 1009 165
750 1212 239
1000 1385 310
1250 1524 374
1500 1625 433
1750 1747 492
2000 1855 559
2250 1917 597
2500 2027 668
2750 2105 720
3000 2170 765

Individual recorded pressure traces, such as shown in figure 2 are processed to determine specific
energy released in each test.  First, the pressure transducer voltage response was converted to pressure, p,
using a manufacturer-provided 20 psi/V factor. Based on Ames [9]and Zhang [10], pressure is correlated
with the heat (or energy release), Q, as= (1)

Solving for Q, we obtain = (2)

Where p is the peak quasi-static pressure,  is the ratio of specific heats of gas in the chamber
(taken to be 1.4 for air), and V is the test chamber volume (350 in3).  Using Eq. (2), total heat release for
each shot was calculated.  This value was divided by the mass of pellet, producing specific energy in J/g.
Further, dividing the obtained value of Q by the time, when the maximum quasi-static pressure is
recorded can give an estimate for the rate of energy release, or power in kW/g.  Each test is typically
repeated at least in triplicate. The theoretical energy release is calculated for each composition assuming
the complete oxidation of all metals and using the reference data compiled in table 2. [11, 12] Figure 2
shows the peak pressure measurement recorded in the PITA. The peak pressure trace and 6th order
polynomial of the running average is presented for the Al:Mo:W:Zr RM.
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Figure 2 Peak Pressure for RM Al:Mo:W:Zr

Ignition Threshold Determination
The ignition threshold is defined as the minimum impact energy, which will reliably result in the

ignition of the consolidated material. In the RMII test procedure, if a particular level of impact energy fails
to ignite the material once in 5 shots, the impact energy is increased until all five shots reliably ignite the
material. Determination of the ignition threshold initially requires testing a few samples of the RM for
relative ignition sensitivity, which brackets the ignition threshold energy. Once the ignition threshold is
bracketed, additional pellets can be tested to determine the actual ignition threshold. Figure 3 shows the
ignition threshold for Al:Mo:W:Zr and Al:Mo:W:Zr:(2Al:MoO3).

The ignition sensitivity with the addition of a couple percent by mass of the 2Al:MoO3 thermite is
evident in the figure. Addition of the thermite composition reduced the ignition threshold to about 75J
compared with 200J for the composition without thermite. Two data points were taken and plotted that
resulted in ignition for the thermite containing RM. Only one data point was measured upon ignition for
the Al:M:W:Zr. Additional milling parameter or milling condition changes along with composition
adjustments can be made and the corresponding changes in ignition threshold can be readily measured using
the RMII PITA. Milling time and composition changes are the primary changes to the RM to tune the
ignition threshold.

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1
0.11
0.12
0.13
0.14
0.15

0 5 10 15 20 25 30 35 40

Pe
ak

 P
re

ss
ur

e 
(V

)

Time (ms)

Raw Data

Running Average

Poly. (Running Average)

37



Figure 3 Ignition Threshold Determination for MoWZrAl and MoWZrAl(MoO3)

Energetic Output Determination
Total energetic output was measured at the current highest attainable impact energy, when using a

3.5g projectile, which is about 770J. It is possible for the current PITA arrangement to achieve an impact
energy in excess of 1000J, with the addition of a two stage pump. A launch pressure of about 5000psi is
necessary for impact energy of 1000J, necessitating the two stage pump. The current single stage pump can
only achieve 3000psi. Pressure reservoirs and all fittings were installed and rated to at least 6000psi with
the intention of eventually upgrading to the two stage pump.

Launching a 3.5g projectile at 3000psi does not generate the impact energy necessary to achieve
100% combustion of the metals in some of the intermetallic compositions that are of interest to the
energetics community. However, RMII makes a number of metal alloyed compositions that achieve near
100% combustion and most thermite compositions readily ignite and burn completely at impact energies
less than 200J. Tables 2 and 3 show the total energetic output of the RM’s Al:Mo:W:Zr and
Al:Mo:W:Zr:(2AlMoO3) and their corresponding combustion efficiency. Combustion efficiency is
calculated with the assumption that each metal is completely oxidized in air to its oxide. The thermite
composition is assumed to be completely self-consuming. Total energetic output is increased substantially
with addition of 3.5% by mass of 2Al:MoO3 thermite. The relative ease of ignition and heat generated by
the thermite combustion contributes to greater metal combustion than without the thermite composition.
The combustion efficiency is improved by 41% with the addition of the 2Al:MoO3 thermite. The theoretical
energetic output of the compositions studied here are low compared to other RM but it is evident by the
data in tables 2 and 3 that slight modifications to the composition can increase the output considerably. The
RM studied here can also be made much more energetic with only a slight increase in the proportion of
zirconium and also by adjustments in the process control aids added to the milling process. Milling times
can also be increased to make the material more energetic. For simplistic assumption Table 4 shows the
heat of combustion for the assumed primary oxidation products.
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Table 2 Energetic Output for the Al:Mo:W:Zr

Impact Energy (J) Energetic Output (kcal/g) % Combustion Efficiency*
742 0.457 21.2
744 0.434 20.2
760 0.421 19.6
Averages
749 0.437±0.018 20.3±0.81

*Theoretical combustion energy is 2.15kcal/g

Table 3 Energetic Output for the Al:Mo:W:Zr(2AlMoO3)

Impact Energy (J) Energetic Output (kcal/g) % Combustion Efficiency**
731 0.609 28.9
742 0.601 28.5
Averages
736.5 0.605±0.005 28.7±0.28

** Theoretical combustion energy is 2.11kcal/g

Table 4 Heats of Combustion for Calculating the Theoretical Energy Combustion for the RM
Al:Mo:W:Zr and Al:Mo:W:Zr(2AlMoO3)

Oxidation/Reduction Reaction Heat of Combustion

Al Al2O3 7.4 kcal/g

Zr ZrO2 5.9 kcal/g

WWO3 1.1 kcal/g

MoMoO3 1.81 kcal/g

2Al + MoO3 Al2O3 + Mo 1.12kcal/g

Relative Rate of Ignition
Figure 4 below shows the peak pressure trace similar to that shown above in figure 2 along with

the laser chronograph recording. The time of impact can be calculated with good precision, knowing the
velocity with each shot and the distance from the second laser beam to the mounted RM. The polynomial
fit is included in the figure so the pressure output is easier to follow. Ignition is taken at the point of 5% of
the peak pressure height. The time from impact to 5% of peak height is only 0.35ms for the RM Al:Mo:W:Zr.
The 5% height is determined from the peak pressure polynomial fit to a hand trace of the initial rise in
pressure. The thermite containing RM was statistically similar at 0.32ms.
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Figure 4 Laser Chronograph of Projectile Velocity in Real Time with Ignition of the Al:Mo:W:Zr
RM Composition.

Summary

The reactive materials made at RMII are produced by high energy ball milling in a planetary mill.
This method gives great flexibility for using a variety of processing variables to make composites with
varying ignition and consolidation characteristics. Small changes to processing/milling conditions can have
significant effects on the ignition energies. In many examples the milling conditions can have as great an
effect on the ignition characteristics as the composite stoichiometry. The variable milling conditions
include; milling duration, rpm of milling jars, grinding media to material ratio, type and quantity of process
control agent (PCA), which all can affect the ignition characteristics. The changes in ignition sensitivity
and total energetic output of a RM can be readily determined using the PITA.

Energetic output for the intermetallic composite is 0.437kcal/g which is an energetic efficiency of
20.3%. Addition of a thermite enhances the combustion to 0.605kcal/g, which is an combustion efficiency
of 28.7%. The intermetallic composition is typical of compositions RMII are researching with applications
as structural energetic materials. While total energetic output was different, rates of combustion for the
intermetallic compositions studied were statistically similar. The rate to 50% of peak pressure from the time
of impact was 0.36ms and 0.32ms for the Al:Mo:W:Zr and Al:Mo:W:Zr:(2AlMoO3) respectively. While
the thermite did not increase the rate of combustion to any significant amount, it did increase the ease of
ignition and the total energetic output by 41%.

RMII has built a PITA facility and the device has shown to be inexpensive and practical for routine
determination of the impact energy required to ignite a consolidated RM. The RMII PITA device has a
number of benefits that can serve the energetic materials community, these include; high throughput of 20-
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30 shots/day, ability to identify relatively low ignition threshold and small sample sizes. The ignition
threshold of the RM can been determined within a couple of Joules. Tuning of the ignition threshold through
processing parameters, degree of consolidation and nanocomposite composition can be accurately and
routinely measured with this device. The size of the pellet or pellet fragments studied is typically more
dependent on practical handling size, than on having enough material to detect ignition.
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ABSTRACT 
 

3D printing allows for the creation of novel pyrotechnic geometries not attainable using 

conventional extrusion and pressing techniques, such as 3D honeycombs, structured foams, and 

concentric cylinders.  The incorporation of small mass fractions of binder materials facilitates the 

fabrication of interesting three dimensional structures from common pyrotechnics materials such 

as BKNO3.  Furthermore, the co-printing of multiple energetic materials facilitates novel 

structures with unique combustion behaviors, with potential applications in fireworks, 

propellants, electro-explosive devices and warheads.  

 

In this work, we report the printing and characterization of a variety of novel, 3D printed multi-

material pyrotechnic structures.  Geometries are created using commercial off the shelf CAD and 

mathematical software, and printed using an intrinsically safe 3D printer developed for the 

printing of a variety of slurried propellants, pyrotechnics and explosives. 
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Abstract:

In this paper, investigation on reducing the mechanical sensitivity of
hexanitrohexaazaisowurtzitane (CL-20) was carried out via several new strategies, which
exhibit efficient desensitization capability. High energy can be reserved because only a
small amount of non-energetic desensitizers were used. In situ core-shell coating by
energetic desensitizer 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) and
microencapsulation of resins via in situ polymerization were proved as effective
techniques to reduce the sensitivity of CL-20 Furthermore, in order to obtain an
insensitive polymer bonded explosive (PBX) containing more than 90% CL-20, a novel
route involved multilevel and tridimensional desensitization was explored. The
appearance and properties of the explosive composites were tested by scanning electron
microscopy (SEM), X-ray diffraction analysis (XRD), the impact sensitivity of each
sample evaluated and expressed by the drop height of 50% explosion probability and the
friction sensitivity. The CL-20 based PBX composites exhibit excellent detonation and
safety performances. With the tridimensional introduction of TATB, composites
containing 90% CL-20 more than displays the detonation velocity more than 9000m/s
and fairly low sensitivity. Such high energy and low sensitivity as obtained are definitely
significant for the application of CL-20 in munitions, especially for the effective
destructibility in modern weapons.

Keywords:

Desensitization; CL-20; high energy; coating; tridimensional

1 Introduction

Hexanitrohexaazaisowurtzitane (CL-20), commonly known as the most representative high
energy density materials in today’s energetic world, has attracted considerable research
interests for a number of military applications [1-3]. Explosives or propellants containing CL-20
are expected to improve the performance in specific impulse, burn rate, detonation pressure and
detonation velocity [4-6]. Unfortunately, strong limitations to the application of CL-20 in are
caused by the high sensitivity under impact, friction and other external stimulations. The
uniform coating of some insensitive agents on the CL-20 surface provides an effective route to
the desensitization of CL-20 based composites. Plenty of efforts have been devoted to explore
the CL-20 based polymer bonded explosives (PBXs), such as LX-19, PAX-12, PAX-11,
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PAX-29 and PBXW-16 as reported previously [7-9]. Nevertheless, the sensitivity of such PBXs
is still too high, and large-scale use of inert additives will lead to the apparent energy loss.

To reduce the sensitivity of explosives with high energy reserved, an exploration of core-shell
structure by coating the insensitive explosives on the surface of sensitive explosives seems rather
attractive [10, 11]. Although some decrease of impact sensitivity was obtained, the most serious
problem is the self-nucleation of shell materials during the crystallization coating process, and
the thickness of the shell layer is difficult to control. Therefore, exploring new strategies to
reduce the mechanical sensitivity of CL-20 with reserved high energy is of great significance
for its application. Herein, we report the uniform coating of 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB) and other polymers as the efficient desensitizing techniques.

2 Experimental

2.1 Materials
CL-20, TATB, polymers and the other reagents used in the present study were commercially

purchased and used without further purification.
2.2 Preparation of desensitized CL-20 composites via novel strategies

The preparation of core-shell CL-20/TATB was carried out via surface modification
followed by a water suspension coating process [12]. A little polymer binder solution such as
Estane 5703 (poly [ester urethane] block copolymer) was added in drops as the system was under
vacuum, facilitating the fixation and filling the voids in the TATB shell layer. CL-20/polymer
microcapsules were prepared by in situ polymerization of polymer monomers [13]. The novel
route involved multilevel deep desensitization was carried out by grinding of CL-20 and TATB,
constructing PBX via water suspension coating and finally coated by graphite.
2.3 Characterization

Scanning electron microscopy (SEM) measurements were performed by a LE0438VP
instrument at an operating voltage of 25 kV. The impact sensitivity test was conducted with a
WL-1 type impact sensitivity instrument according to GJB-772A-97 standard method 601.2:
drop weight, 5 kg; sample mass, 50 mg. The impact sensitivity of each test sample was
expressed by the drop height of 50% explosion probability (H50). The friction sensitivity test
was determined on a WM-1 type friction sensitivity instrument according to GJB-772A-97
standard method 602.1: relative pressure, 3.92 MPa; sample mass: 30 mg, pendulum weight:
1.5 kg; pendulum angle: 90°. The fraction sensitivity of each test sample was expressed by
explosion probability (P). Detonation velocity was determined by cylinder test.

3 Results and discussion

3.1 CL-20/TATB core-shell composites and the desensitization effect
Fig. 1 shows the research idea for CL-20/TATB core-shell coating desensitization strategy. It

is well known that TATB is a moderately powerful, thermally stable, extremely insensitive high
explosive (IHE), which is favorable to prepare insensitive munitions. Specifically, TATB is
very insensitive to both impact and friction due to its outstanding lubricating performance
attributing to the graphite-like layered structure. Herein, TATB was expected to form a uniform
shell around the surface of CL-20 crystals, surface modification was adopted to improve the
interfacial interaction to achieve high uniformity of coating. In view of the mechanical strength
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maintaining and few voids left in the coating shell, a small amount of Estane polymer was
introduced during the coating process. For this core-shell composite, assuming that a pretty
compact shell with 100% coverage can be obtained, it is expected to achieve high energy close
to CL-20 and low sensitivity close to TATB. Once an external impact action occurred, the
TATB shell would be firstly attacked as a buffer system to dissipate the impact and friction
energy, therefore, the sensitivity can be reduced effectively.

Fig. 1 Schematic mechanism for CL-20/TATB core-shell coating desensitization

The SEM study was carried out for CL-20/TATB composites, as shown in Fig.2. The raw
CL-20 particles were well-proportioned and showed typical octahedral shape with smooth
surface, about 80 μm particle size in average. It appears as though each CL-20 crystal has been
jacketed with a layer of TATB particles, the submicron TATB (5%) particles built up a uniform
and compact coating shell, with high surface coverage, and almost no TATB particles were in
exfoliated state. About 2 wt % Estane of the total quality was used to favor the fixation of
submicron TATB crystals. The surface activity agent PVA or Tween-20 was used to improve
the wettability of the CL-20 surface, so that TATB can overcome the interfacial interaction and
form a core-shell like structure. For comparison, the physical mixtures of CL-20, 5% TATB
and Estane binder at the same ratio were prepared as a reference. It is clear that only a small
amount of TATB particles were attached to the surface of CL-20, most were in the independent
state, showing negligible coating effect. In addition, the core–shell coating structure can not be
obtained as the TATB in normal size (about 20 μm) was adopted for the coating agent, as
shown in Fig 2d. It was proved that with the content of TATB increased, both the coverage
degree and thickness of the TATB shell can be improved. The shell strength was tested in a
water suspension system under vigorous stirring, almost no TATB particles were exfoliated,
demonstrating the high mechanical strength of coating shell.

Fig. 2 SEM images of CL-20 and CL-20/TATB composites: (a) CL-20, (b) 5% TATB (800 nm)
coated, (c) 5% TATB (800nm) physical mixed, (d) 5% TATB (20 μm) coated
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Table 1 shows the impact and friction sensitivity results of the core-shell and physical
mixed CL-20/TATB. The H50 of the physical mixed sample with 5% TATB was increased from
16.0 cm to 23.7 cm, compared with raw CL-20. As TATB in normal size (20 μm) was used, the
reduction of impact sensitivity was also limited. The desensitization was greatly weakened for
the poor coverage of TATB, as most surface of CL-20 was exposed to the environment.
However, the impact sensitivity for the core-shell CL-20/TATB sample was reduced evidently
with the same TATB content. The H50 value was increased to 49.6 cm, more than three times as
compared with raw CL-20, indicating an efficient desensitizing technique of core-shell coating.
With the help of a little polymer binder, the TATB particles formed a dense coating shell, the
mutual friction among CL-20 crystals were effectively inhibited. Therefore, fewer hot spots
will be generated, leading to the highly reduced sensitivity. With the content of TATB increased,
the impact sensitivity of these core-shell CL-20/TATB composites was further decreased. As
the TATB content increased to 25% or more, low impact and 0% of friction sensitivity were
obtained.

Table 1 Impact and friction sensitivity of CL-20/TATB composites

Sample
TATB

[%]

Size of TATB

[μm]
TATB introduced

H50

[cm]

Friction sensitivity

[%]

CL-20 0 / / 16.0 100

CL-20/TATB-1 5 0.8 physical mixing 23.7 100

CL-20/TATB-2 5 0.8 core-shell coating 49.6 68

CL-20/TATB-3 15 0.8 core-shell coating 48.2 30

CL-20/TATB-4 25 0.8 core-shell coating 56.7 0

CL-20/TATB-3 5 20 coating 30.5 92

3.2 Constructing microcapsules via in situ polymerization and the desensitization effect
Fig. 3 shows the research idea for desensitization of by in situ polymerization coating

strategy. Taking the in situ polymerization of melamine-formaldehyde (MF) resins as an
example, firstly, melamine, formaldehyde and a small amount of PVA were mixed in the
solution, followed by the polycondensation reaction under heating to give the MF prepolymers.
Subsequently, the energetic microcapsules can be obtained via the gradual in situ
polymerization of MF polymers on the crystal surface. It should be emphasized that the
additive PVA plays a key role in the whole preparation process, improving the surface
wettability as a surfactant and enhancing the flexibility as a fiber-forming component, causing
beneficial desensitization effect for the microencapsulated products.

Fig. 3 Schematic mechanism for microencapsulation of resins via in situ polymerization
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Fig. 4 and Fig.5 shows the SEM images of CL-20 coated by different amount MF resins and
polyisoprene to form energetic microcapsules. Taking MF resin as an example, it can be clearly
seen that the CL-20 based microcapsules showed an obvious core-shell structure, the coverage
reached fairly high. In the images with high magnification, the MF resin shell can be observed
in a close view, the crystal surface, edges and corners were all encapsulated compactly. Fig.5
shows the effect of the amount of polymers. Clearly, with the feeding amount of MF and
isoprene prepolymer increased, the content and thickness of MF resin and polyisoprene shell
will also be increased accordingly. Combining the consideration of desensitization capability
and less energy loss, the content of polymers coated was controlled at about 3.0 wt%,
determined by the HPLC quantitatively. The explosive microcapsules were tested in an
aqueous solution under vigorous stirring for hours, it was found that the core-shell structure
was maintained completely, indicating a fairly high mechanical strength of the coating shell.
These results suggest that the in situ polymerization of MF resin is a general, controllable and
efficient approach to prepare core-shell explosive composites.

Fig.4 SEM images of CL-20 (a) before and (b) after coating by 3 wt% MF resins as determined
by HPLC.

Fig. 5 SEM images of CL-20 coated via in situ polymerization by different amount of MF
resins (a) 0.2%, (b) 0.6%, (c) 1.2%, and by polyisoprene, (d) 0.3%, (e) 1.5%, (f) 2.5%.

The impact sensitivity (H50) of CL-20 before and after coating was test, as shown in Table 2.
It can be concluded that a significant desensitization effect has been achieved for the high
explosives after core-shell coating, especially compared with the physical mixed sample. For
the MF resin systems, the H50 value of CL-20/3% MF exhibits a visible increment from 16.3
cm to 42.8 cm in comparison to the raw material, while the physical mixed sample with the
same molar ratio reaches only 18.7 cm. With the content of MF resins increased, the
desensitization effect was strengthened. For the polyisoprene coated composites, the H50 value
was increased to 25.7 cm and 33.4 cm, corresponding to the polyisoprene amount of 1.5% and
2.5%, respectively. These results demonstrate that such a core-shell coating via in situ
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microencapsulation provides an efficient route for the decrease of impact sensitivity of high
explosives, attributing to the compact and uniform coating of MF resins or polyisoprene on the
surface of energetic particles.

Table 2 Impact sensitivity of CL-20 microcapsules by MF resin and polyisoprene

3.3 Multilevel and tridimensional desensitization strategy
Fig. 6 shows the research idea for multilevel and tridimensional desensitization. This

strategy was investigated for a more efficient desensitization. Firstly, CL-20 and a part of
TATB were treated by mechanical grinding to obtain a uniform composite. In this way, TATB
particles can be embedded into the crystals of CL-20, providing a fairly uniform CL-20
mixture within doping TATB. Then, the rest of TATB was used to construct a coating shell in
the PBX with the help of polymer binders, thus both the external and internal space of the PBX
particles were filled by TATB particles. Finally, graphite was selected to form an outer coating
layer. In a word, polymer binder, internal and external TATB, and graphite build up a
multilevel, tridimensional and powerful desensitization network.

The sensitivity performances were summarized in Table 3. For the CL-20 based composites
by such multilevel and tridimensional coating, both the impact and friction sensitivity can be
definitely reduced, meanwhile, the high energy can be also reserved (detonation velocity>
9000m/s).

Fig. 6 Schematic mechanism for multilevel and tridimensional desensitization

Table 3 Impact and friction sensitivity of CL-20/TATB composites

Sample
CL-20

%

TATB

%

Graphite

%

H50

cm

Friction

sensitivity %

Detonation

velocity m/s

CL-20 100 0 0 16.0 100 /

C/T/G-1 80 15 0.5 >120 0 8876

C/T/G-2 90 6 1 91.7 0 9040

Samples Polymer/wt% Polymer introduced H50 /cm

CL-20 0 / 16.0

CL-20/MF 0.6 core-shell coating 19.6

CL-20/MF 1.2 core-shell coating 23.2

CL-20/MF 3.0 core-shell coating 42.8

CL-20+MF 3.0 physical mixing 18.7

CL-20/polyisoprene 1.5 core-shell coating 25.7

CL-20/polyisoprene 2.5 core-shell coating 33.4

CL-20+polyisoprene 2.5 physical mixing 15.9
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4 Conclusion

Several new strategies for reducing the mechanical sensitivity of CL-20 are investigated.
The sensitivity can be markedly reduced via core-shell coating of TATB and polymers via in
situ polymerization coating. Compact, uniform and firm coating shells were achieved on the
crystal surface of CL-20. Another multilevel and tridimensional desensitization strategy was
explored and fairly low sensitivity with high energy was obtained. The preparation
technologies in this work will also provide some useful enlightenment for the other core-shell
materials, especially for the desensitization of high explosives for military applications.
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ABSTRACT 

 

Temperature history measurements of burning samples, together with thermal analysis for some 
azodicarbonamide (ADCA)/ammonium nitrate (AN)/copper(II) oxide (CuO) mixtures were carried out in 
order to estimate the burning mechanism of the mixtures, examining the cause of acceleration of the 
burning characteristics by adding CuO. Temperature history measurements have shown that: (1) there 
were wide variations in temperature histories among a set of experimental results for the same sample 
mixture (i.e. the amount of CuO that was added); (2) the onset temperatures of the condensed phase zone 
in the mixtures were generally unaffected by the amount of CuO that was added; (3) the burning surface 
temperatures generally became lower by increasing the amount of CuO; and (4) the estimated thickness of 
the condensed phase zone generally decreased by increasing the amount of CuO that was added. 
Meanwhile, Thermogravimetry-Differential Thermal Analysis (TG-DTA) have shown that, by adding 10 
wt% of CuO to the original stoichiometric ADCA/AN mixture, the exothermic decomposition 
characteristic in the condensed phase zones of the original mixture was enhanced, and that the onset 
temperature of the weight loss became lower. It was also shown through measurements of apparent 
activation energies of decomposition reaction by using Differential Scanning Calorimetry (DSC) that the 
apparent activation energies became lower by increasing the amount of CuO that was added, from 1 wt% 
to 10 wt%. It was also shown from X-Ray Diffraction (XRD) analysis of the interrupted product of 
ADCA/AN/CuO 10 % mixture before decomposition during TG-DTA that Cu2(OH)3NO3 and 
Cu(NH3)3NO3 were identified, while it was shown that only CuO was identified after the decomposition, 
suggesting that the intermediate products, Cu2(OH)3NO3 and Cu(NH3)3NO3 were possibly formed by 
transformation from CuO before the decomposition, but they were possibly converted back to CuO, 
suggesting catalytic reaction of CuO in the condensed phase zone. The results in this study suggest that, 
by adding CuO to the stoichiometric ratio ADCA/AN mixture, the decomposition reaction within the 
multiphase condensed phase zone of the mixture is accelerated, leading to the acceleration of the burning 
characteristics of the mixtures.  
 

1  Introduction 

 Recently, a number of researches and developments of new gas generating agent, using 
ammonium nitrate (AN) as an oxidizing agent, have been carried out ([1]-[9]). The advantages of using 
AN as an oxidizer, are its low cost and high gas yield, but it is difficult to ignite, and the burning rates of 

50



its mixtures are generally slow. In order to solve the problem of low burning characteristics, we selected, 
in this study, a foaming agent, azodicarbonamide (ADCA) ([3]-[5], [9]) as a fuel, and copper (II) oxide 
CuO ([1], [3]-[9]) as an additive for improving burning characteristics. In this study, the burning 
mechanisms of ADCA/AN mixture and ADCA/AN/CuO mixtures were investigated. 

 
2 Experimental 
2.1  Samples 
 Figure 1 gives the chemical structure of ADCA. After drying ADCA particles (particle size: 
75~150 μm) and AN particles (particle size: 75~149 μm) separately, they were mixed in stoichiometric 
ratio (ADCA: AN= 26.6 wt% : 73.4 wt%) to produce ADCA/AN mixture. Then, adding 1, 3, or 10 % by 
weight of CuO to 100 % of ADCA/AN mixture, ADCA/AN/CuO mixtures were prepared by mixing with 
a rotational mixer.  
 
 
 
 
 
 
 
Figure 1. Chemical structure of azodicarbonamide (ADCA) 
 
2.2  Measurement of Temperature History 
 Each pellet (diameter: about 10.0 mm) was prepared by compressing about 1.0 g mixture at 400 
MPa by using a hydraulic press while embedding K-type (alumel-chromel) thermocouple (diameter: 50 
μm). Then, the surface of the pellet was coated with a silicone adhesive sealant to achieve end-burning, 
and it was stored at least overnight in a desiccator in order to dry the coating. The sample, set up in a 
closed chimney type strand burner system (inner volume: 1 L) (TDK-15011, Tohata Electric), as shown 
in Figure 2, was tested under pressurized nitrogen at an initial gauge pressure of 2 MPa, and at a 
designated temperature of 298 K.  
 In order to investigate how the addition of CuO affects the combustion mechanism of ADCA/AN 
based mixture, temperature history in the vicinity of the burning surface was measured (Figure 3) for 
ADCA/AN/CuO mixtures with CuO 1 or 3 wt%, in addition to the previously studied ADCA/AN mixture 
and ADCA/AN/CuO mixtures with CuO 5, 10 or 20 wt% [3], and the surface temperature (TS) together 
with the onset temperature of condensed phase (Tc) was determined through the temperature inflection 
point method by Sabadell et al. [10]. The following equation (2) [10] represents the temperature history at 
the solid phase.  
              )exp()(

λ
ρ xrc

oTsToTT −=−  

where T0 is the initial temperature, λ is the thermal conductivity of the solid phase, ρ is the sample density, 
c is the specific heat of the solid phase, r is the burning rate, and x is the distance in the direction of the 
combustion.  
 Meanwhile, the combustion of burning sample was observed by using a high speed camera 
(MEMRECAMfxRX-5, nac) with magnifying lens at 1,000 frames-per-second.  
 
2.3  Observations of Burning Residues 

The residue after each temperature history measurement in this study were photographed with a 
digital camera (EX-ZS5, Casio Computer Co., Ltd.), and they were examined together with photographs 
of residues after each linear burning test [3] and previous temperature history measurements [3]. 
 
 

(2) 

N
N

NH2

O

NH2

O
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Figure 2. Schematic diagram of burning test apparatus. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. An example of ln(T-T0) vs x curve for ADCA/AN mixture at 2 MPa. 
 
2.3  Thermal Analysis 
 The thermal decomposition process of ADCA/AN mixture and ADCA/AN/CuO mixtures were 
analyzed by Thermogravimetry -Differential Thermal Analysis (TG-DTA) by using TG-DTA apparatus 
(DTG-60, Shimadzu). TG-DTA analysis was conducted from room temperature to 673 K at a heating rate 
of 10 K min-1 in nitrogen atmosphere (flow rate: 50 mL min-1).  Differential Scanning Calorimetry (DSC) 
was also conducted for ADCA/AN mixture and ADCA/AN/CuO mixtures by using heat-flux-type DSC 
apparatus (DSC-50, Shimadzu) from room temperature to 673 K at a heating rate of 5, 10, 15 or 20 K 
min-1 in nitrogen atmosphere (flow rate: 50 mL min-1) in order to determine the apparent activation 
energy of exothermic reaction for each mixture. 
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2.4  X-ray Diffraction Analysis 
 In order to identify intermediate product during thermal analysis, powder sample of 
ADCA/AN/CuO 10 % mixture was heated to a designated temperature below or above the onset of 
exothermic reaction by TG-DTA, and it was subjected to X-ray diffraction analysis by wide-angle X-ray 
diffraction apparatus (M21 X-SRA, Mac Science Co., Ltd).  
 
3  Results 
3.1  Influence of CuO on the Burning Behavior 
3.1.1  Temperature History of the Burning Wave 
 Figure 4 shows the temperature histories  for ADCA/AN/CuO 10 wt% mixtures at 2 MPa. 
Similar to Figure 4, there were generally wide variations in temperature histories among a set of 
experimental results for the same sample mixture (i.e. the amount of CuO that was added). This tendency 
may possibly reflect the inhomogeneity inside the condensed phase zone below the burning surface of 
each sample.  
 

 
Figure 4. Temperature histories  for ADCA/AN/CuO 10 wt% mixtures at 2 MPa. 
 
 Figures 5, 6 and 7 are the results of the measurements of onset temperature, burning surface 
temperature and thickness of the condensed phase zone, respectively, for ADCA/AN based mixtures, 
where Tc is the onset temperature of the condensed phase zone, Ts is the burning surface temperature, and 
xc is the thickness of the condensed phase zone. 
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Figure 5. Onset temperature of the condensed phase zone for ADCA/AN based mixtures at 2 MPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Burning surface temperature for ADCA/AN based mixtures at 2 MPa. 
 

As shown in Figure 5, the onset temperature of the condensed phase zone did not change 
considerably. However, burning surface temperatures became lower with an increase in the amount of 
CuO that was added, especially as compared to ADCA/AN mixture, as shown in Figure 6.  
 Meanwhile, as shown in Figure 7, the thicknesses of the condensed phase zone for 
ADCA/AN/CuO mixtures were also smaller than those of ADCA/AN mixture. It is suggested that the 
addition of CuO accelerates the thermal decomposition reaction in the condensed phase reaction zone [1]. 
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Figure 7. Thickness of condensed phase for ADCA/AN based mixtures at 2 MPa. 
 
 
3.2.4  High speed camera observation 

Figure 8 shows a close-up snapshot of the vicinity of a burning surface of ADCA/AN mixture that 
was captured from movie taken by the above-mentioned high speed camera. 

 

 
 
 

It is suggested that soon after the burning surface started melting, rapid decomposition reaction of 
ADCA occurs, followed by ignition and combustion in the vicinity of the burning surface. Unlike the 
finding by Miyata [1], the phenomenon in which particles or gas pops out of the burning surface and self-
ignites was not observed. It was also found that not all particles burnt simultaneously at the burning 
surface. 

Figure 8. Snapshot  near the burning surface of ADCA/AN mixture. 

Direction of gas 
Diffusion flame 
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Figure 9 shows a close-up snapshot of the vicinity of a burning surface of ADCA/AN/CuO mixture 
that was captured from a movie taken by a high speed camera with magnified lens. 

 

 
 
 

 It was observed from high speed camera that, some spherical particles popped out from the 
burning flame, as shown in Figure 8. It was identified that the residue after the burning test consisted of 
copper Cu. It is suggested that part of Cu2O undergoes reduction to become Cu which then pops out from 
condensed phase. It was also observed that, similar to ADCA/AN mixture, not all particles burn 
simultaneously at the burning surface. 
 
3.2.5 Observations of Burning Residues 

Figures 10 (a)-(f) show the representative photograph of burning residue for each mixture. It was 
generally shown that while burning residue of ADCA/AN mixture contained white residues, as shown in 
Figure 10 (a), burning residues for each ADCA/AN/CuO mixture appeared to have contained mainly red-
brownish Cu2O powder residues with small but numerous Cu particles, while white residues apparently 
could not be observed. 

 It is suggested for ADCA/AN mixture that ADCA decomposed and formed biurea and 
isocyanuric acid in the condensed phase, as suggested by Yamashita et al. [11] as shown in Figure 11, 
while these products may have been consumed by CuO and related products for ADCA/AN/CuO 
mixtures. 
 

Copper particle 
Figure 9. Snapshot near the burning surface of ADCA/AN/CuO mixture. 

Cu particle 
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Figure 10. Residues of burning tests for ADCA/AN mixture and ADCA/N/CuO mixtures. 

(b) ADCA/AN/CuO 1 % (c) ADCA/AN/CuO 3 % 

(d) ADCA/AN/CuO 5 % (f) ADCA/AN/CuO 20 % (e) ADCA/AN/CuO 10 % 

(a) ADCA/AN 
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Figure 11. Thermal decomposition mechanism of ADCA [11]. 
 
 
3.2 Influence of CuO on the Thermal Decomposition Characteristics 
3.2.1 TG-DTA Analysis 
 Figure 12 shows DTA curves for ADCA/AN based mixtures. Onset temperatures of endothermic 
peaks around 400 K for AN, ADCA/AN mixture and ADCA/AN/CuO mixtures were due to melting. It 
was shown that there was no apparent change in the melting point with an addition of CuO, but it was 
found that the peak temperature of the first exothermic peak became lower. This is probably because 
reaction is accelerated, generating intermediate products. The second exothermic peak that did not appear 
for ADCA/AN mixture appeared for ADCA/AN/CuO mixtures at around 460 K, suggesting possible 
reaction between ADCA and CuO. 
 Figure 13 shows TG curves for ADCA/AN based mixtures. It was shown here also that there was 
no apparent change in the melting point with an addition of CuO, but it was found that by increasing the 
addition amount of CuO, onset temperature of weight loss became lower. This is probably because CuO 
accelerates the thermal decomposition of AN, as suggested by Miyata et al. [1]. 
 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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Figure 12. DTA curves for ADCA, AN and ADCA/AN based mixtures at heating rate of 10 K min-1 in 
nitrogen. 
 

 
Figure 13. TG curves for ADCA/AN based mixtures at heating rate of 10 K min-1 in nitrogen. 

 
3.2.2 DSC measurement 
 Figure 14 shows Kissinger plots according to DSC data for ADCA/AN mixture and 
ADCA/AN/CuO mixtures.  
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Figure 14.  Kissinger plot for ADCA/AN based mixtures. 
 

Linear relationship were generally seen for ADCA/AN mixture and ADCA/AN/CuO mixtures. 
Table 1 shows the derived apparent activation energy Ea for each mixture. 
   
       Table 1. Apparent activation energies of ADCA/AN mixture and ADCA/AN/CuO mixtures. 

Mixture Ea 

[kJ･mol-1] 
ADCA/AN 198 
ADCA/AN/CuO 1 % 200 
ADCA/AN/CuO 3 % 175 
ADCA/AN/CuO 5 % 168 
ADCA/AN/CuO 10 % 151 
ADCA/AN/CuO 20 % 196 

 
According to Table 1, there was generally a tendency in which apparent activation energy was 

lowered with an increase in CuO addition from 1 wt% to 10 wt%, but the apparent activation energy 
became higher when CuO addition was increased from 10 wt% to 20 wt%. 
 
3.2.3 X-ray diffraction analysis 
 Figures 15 (a), (b) and (c) show the results of XRD analysis of the interrupted product of 
ADCA/AN/CuO 10 % mixture. Cu2(OH)3NO3 and Cu(NH3)3NO3 were identified at 439 K (Figure 15 (a) 
and 462 K (Figure 15(b)) before exothermic decomposition, while Figure 15 (c) shows that only CuO was 
identified at 523 K after the decomposition. It is suggested that the intermediate products, Cu2(OH)3NO3 
and Cu(NH3)3NO3, were possibly formed by transformation from CuO before the decomposition, but they 
were possibly converted back to CuO, suggesting catalytic decomposition reaction of AN by CuO, as 
shown in Figure 16, in the condensed phase zone. 
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Figure 15 (a) X-ray diffraction patterns of interrupted product during TG-DTA for ADCA/AN/CuO 10 % 
(439 K (before decomposition)). 
 
 

 
Figure 15 (b). X-ray diffraction patterns of interrupted product during TG-DTA for ADCA/AN/CuO 
10 % (462 K (before decomposition)). 
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Figure 15 (c). X-ray diffraction patterns of interrupted product during TG-DTA for ADCA/AN/CuO 10 % 
mixture (523 K (after decomposition)). 
 

 
 
Figure 16. Suggested catalytic AN decomposition cycle by CuO. 
 
 
3.3 Discussion 
3.3.1 Burning mechanism of ADCA/AN mixture 

From the results above, the burning model of ADCA/AN mixture was estimated as shown in 
Figure 17. It was estimated for AGAT/AN mixture by Miyata [1] that after AN first melts and form 
condensed zone, some ADCA particles jump out of the condensed zone, they would be surrounded by 
decomposition gas product of AN in the gas zone above the burning surface to ignite and form 
diffusion flame, but it was estimated for ADCA/AN mixture in this study that ADCA particles do not 
jump out, but instead, stays inside the condensed zone to undergo decomposition reaction following the 
suggested decomposition mechanism [11] as shown in Figure 11, then ignite and burn very near the 
burning surface while forming  biurea and isocyanuric acid as byproducts. 

62



 
Figure 17. Suggested burning mechanism of ADCA/AN mixtures. 
 
 
3.3.2 Burning mechanism of ADCA/AN/CuO mixtures 

From the results above, the burning model of ADCA/AN/CuO mixture was estimated as shown in 
Figure 18. It was estimated for ADCA/AN/CuO mixture in this study that, here also, ADCA particles 
do not jump out but stay inside the condensed zone and ignite and burn very near the burning surface, 
while biurea and isocyanuric acid may have been consumed by CuO and related compounds, so that 
they were not apparently seen. It is also suggested that, similar to the decomposition process, the 
intermediate products, Cu2(OH)3NO3 and Cu(NH3)3NO3, were possibly formed by transformation from 
CuO before the decomposition, but they were possibly converted back to CuO in the condensed phase 
zone, suggesting catalytic decomposition reaction of AN by CuO. These CuO were possibly converted 
to Cu2O, and some also to Cu due to the combustion flame approaching and subsequently engulfing the 
condensed phase zone. 

 
 
Figure 18. Suggested burning mechanism of ADCA/AN/CuO mixtures. 
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Summary 
 From the experimental studies above, the conclusions were obtained as follows: 
(1) There were wide variations in temperature histories among a set of experimental results for the same 
sample mixture (i.e. the amount of CuO that was added). 
(2) The onset temperatures of the condensed phase zone in the mixtures were generally unaffected by the 
amount of CuO that was added. 
(3) The burning surface temperatures generally became lower by increasing the amount of CuO. 
(4) The estimated thickness of the condensed phase zone generally decreased by increasing the amount of 
CuO that was added. 
(5) It was suggested that during heating below onset temperature of exothermic reaction, CuO is possibly 
converted to the intermediate products, Cu2(OH)3NO3 and Cu(NH3)3NO3, that are possibly  converted 
back to CuO after exothermic reaction, suggesting catalytic reaction in the condensed phase zone. 
(6) Burning mechanisms of ADCA/AN mixture and ADCA/AN/CuO mixtures were estimated, in which 
ADCA particles do not jump out, but instead, stays inside the condensed zone to undergo decomposition 
reaction then ignite and burn very near the burning surface while forming  biurea and isocyanuric acid as 
byproducts; as for ADCA/AN/CuO mixtures, the intermediate products, Cu2(OH)3NO3 and Cu(NH3)3NO3, 
were possibly formed by transformation from CuO before the decomposition, then possibly converted 
back to CuO in the condensed phase zone, suggesting catalytic decomposition reaction of AN by CuO, 
which were then converted to Cu2O, and some also to Cu due to the combustion flame. 
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Abstract:

Tracers have developed a reputation as an illuminant on the back of a projectile. The objective of such
luminous intent enhances the shooter’s ability to follow the flight path in order to adjust target
acquisition based on the ballistic result.  The tracer technology relies upon a cavity provided by a longer
drawn jacket placed behind a heavy core. The tracer is usually a longer projectile then the ball round
because the tracer aeroballistics while burning must ballistically match the ball round.  The military wish
list contains lofty goals of reducing cavity space for tracers to the tune of complete elimination to half
the available volume. The pyrotechnician understands the challenges faced with the expectation of
maintaining luminous intensity over the same flight time with half the charge volume available.

This paper addresses work that has focused on enhancing burn times while increasing luminous
intensity with the use of boron carbide as a fuel and a complete rework of the tracer formulations
entirely.  Great strides have been taken to achieve tracer illumination to much more stringent and near
“impossible” requirements, some of which came from sources deficient in the laws of physics.  The old
tracer formulations containing conventional mainstay ingredients of magnesium, strontium nitrate, and
polyvinylchloride have been studied to its maximum potential. However, the largest gains in luminosity
and burn rate profiles include exploration of tracer formulations encompassing new and novel
ingredients such as boron carbide, metal periodates, calcium stearate, among others. The results
obtained during this tracer development work utilize up to date instrumentation while providing new
insight into the little known world of tracers.
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Background:

The purpose of a “tracer” is to visually capture the ballistic flight of a projectile from near the muzzle out
to some predetermined distance. The use of pyrotechnics to provide a signature for the 2-5 seconds of
flight time has been conducted using the same core materials such as magnesium as the hot fuel, a
metal nitrate oxidizer, a chlorine donor for added purity in the desired wavelength domain, and other
additives such as binders and flow agents. In the U.S. Army, tracers are found in nearly every caliber
from 5.56mm up to 120mm tank rounds. Currently, tracers are a dual-edged sword whereas the
signature can be traced back to the gunner, giving his position away.

Figure 1. Tracers lighting up the night sky. Notice streak pointing right back to the gunner’s position.

In the ideal world, the tracer should ballistically match the ball round; however, the bullet must contain
a cavity filled with a highly consolidated pyrotechnic column. This change alters the center of gravity
over the course of the flight and the density of the bullet relative to the ball round.  Often times, the
tracer design is a longer bullet then the ball round to compensate for density, projectile shape, and
center of gravity differences.

Tracers have to account for composition demographic, projectile configurations, material thermal
properties, propellant effects, distance requirements, muzzle flash suppression, initiation requirements,
intensity requirements, spin rate of projectile, and manufacturability.

The obstacles the designer must surmount when a change is requested is often taken for granted.
Sometimes there are more than one requirement request that eliminates the use of conventional tracer
mixes.

Tracer Requirement Changes/Requests:

 Cut back on the available volume for tracers (enhance the projectile density for further
penetration)

 Change the output of light to another spectrum (Near IR, Mid-Wave, Long-Wave) due to
instrumentation aids

 Eliminate visible plume to eliminate enemy’s ability to trace back to gunner
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 Visible in the daytime and nighttime with naked eye
 Double the distance of seeing the tracer – Essentially double the burn time in same cavity or less
 Eliminate the cavity altogether
 New projectile design with different material properties
 Increase the base bleed effect in order to overcome drag by filling back of projectile with

“positive pressure” during flight

Description of Experiential Exploration:

The topic of discussion in this paper is reporting the findings of Boron Carbide based tracer formulations.
Such tracer formulations have the potential to lengthen burn times per volume and shift signatures of
the combustion effects.

At ARDEC Pyrotechnics Division, Dr. Jesse Sabatini and Dr. Jay Poret had published and shared work
done in the arena of Green light illuminants using Boron Carbide and Potassium Nitrate based
formulations. Simultaneously Dr. Jared Moretti was exploring Metal Periodates as a Perchlorate
replacement concept. Dr. Anthony Shaw had been suggesting the use of calcium stearate hydrate as a
lubricant for the Boron Carbide based mixes. In addition, certain boron carbide-potassium nitrate based
mixes were strobing based on configuration and mix formulation. These research findings ended up
being explored as a way to lengthen burn times of tracers drastically via altering tracer formulations
entirely.

Using the large caliber 120mm tank tracer as a testing platform, we tested various configurations of
Boron Carbide mixes for visible emission and burn times. Some mixes used potassium nitrate in
combination with Calcium Stearate and Copper Carbonate because my fellow researchers made strobes
using such combinations.  More intense tracers were made using sodium periodate instead of potassium
nitrate.  Other Green emitting tracers were made with potassium periodate instead of potassium
nitrate. See combinations explored below. All mixes were dry mixed, loaded to a fixed consolidation
pressure of 10,000 lbs on a shortened M1002 Tracer cup (17.78mm I.D. by 19mm in length.) This
equates to a consolidation pressure of around 27,000 psi. An igniter is required to help bring up the
temperature required to get the tracer to ignite and propagate on its own. We used a blend of
magnesium, barium peroxide, and calcium resinate.

Strobe
Tracer B4C KNO3 CaSt CuCO3

N.E.W.
(grams)

Consolidation
Force (lbs)

S1 13 86 1 0 6.433 10000
S2 13 84 3 0 6.471 10000
S3 13 82 5 0 6.46 10000
S4 13 80 7 0 6.368 10000
S5 13 81 1 5 6.441 10000
S6 13 79 3 5 6.486 10000
S7 13 77 5 5 6.477 10000
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S8 13 75 7 5 6.487 10000

Bright
Tracer B4C NaIO4 CaSt CuCO3

N.E.W.
(grams)

Consolidation
Force (lbs)

B1 13 84 3 11.466 10000
B2 13 82 5 11.475 10000
B3 13 80 7 11.401 10000
B4 13 79 3 5 11.491 10000
B5 13 77 5 5 11.397 10000
B6 13 75 7 5 11.411 10000

Green
Tracer B4C KIO4 CaSt CuCO3 PVA

N.E.W.
(grams)

Consolidation
Force (lbs)

G1 12 85 3 0 0 10.64 10000
G2 12 80 3 5 0 7.585 10000
G3 12 76 3 5 4 9.062 10000
G4 12 81 3 0 4 9.573 10000
G5 12 83 5 0 0 10.302 10000
G6 12 78 5 5 0 9.194 10000
G7 12 74 5 5 4 9.189 10000
G8 12 79 5 0 4 8.215 10000
G9 12 81 7 0 0 9.271 10000

G10 12 76 7 5 0 9.183 10000
G11 12 72 7 5 4 8.856 10000
G12 12 77 7 0 4 8.236 10000

Table 1: Strobe, Bright, and Green Tracer Formulations explored using Boron Carbide combinations
with Calcium Stearate, Copper Carbonate, and different oxidizers.

file name Burn time (sec) Integrated Average Peak
B1_3 11.13 55441.51 4979.94 13527.06
B2_5 11.04 23394.22 2119.06 6928.48
B3_6 13.42 8757.12 652.46 2826.76
B4_7 10.81 22631.49 2092.62 4256.42
B5_8 11.67 10967.81 939.44 6536.91
B6_8 14.78 5536.64 374.67 1826.73
G1_1 10.38 19363.21 1864.91 7677.51
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S1S2_1 21.69 14527.22 669.80 4247.73
G10_1 13.02 1118.67 85.90 550.54
G11_1 15.96 1230.75 77.13 244.55
G12_1 13.42 1101.99 82.12 345.78
G2_1 11.00 4043.80 367.59 1099.68
G3_1 10.80 2366.20 219.05 1006.65
G5_1 10.49 4775.53 455.12 6278.03
G6_1 10.51 3270.89 311.19 2887.45
G7_1 12.72 1865.40 146.62 626.12
G8_1 11.07 1575.07 142.32 651.83
G9_1 12.60 2046.31 162.38 1432.01
S1_1 4.89 155.31 31.75 1219.87
S1S2_1 21.69 14527.35 669.68 4247.73

Table 2: Luminous Intensity over time Curves for Bright Series, Green Series, and Strobes.

To capture visually, the standard benchtop burn of a M829A1/A2 tracer looked like this:

Figure 2: Visible Luminous Intensity of standard Plug and Tracer Assembly M829A1/A2

While all the mixes (except the strobe 1 which died out) exceeded the burn time of the standard, the
luminous intensity was less than the standard Magnesium/Strontium Nitrate/PVC/Viton A / Resin/
Potassium Nitrate based standard.  There are tremendous differences between the test configuration
and the standard tracer configuration as seen below.
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If our test bed was using a wider diameter cup and much shorter length cup, then the tracer burn time
should be much longer then measured if the formulation were placed into the M829A1 configuration.
We did not use a plug assembly which provided a different exposure to the propellant bed and provided
a different cavity environment during burning.

If we consolidated at less than a quarter the force of the standard, then increasing consolidation of our
mixes slowed down the burn by some degree.

If the igniter was normalized to the standard tracer igniter, then differences in initiation and
propagation would occur.

Overall, the message is clear that changing one variable changes the performance of a tracer but
changing many variables severely alters the performance that no proper comparison could be made
without difficulty.

Striving for the Green Strobe

[Author’s Note: The author wishes to share findings and not attempt to explain why the strobe was
acting the way it was simply because not enough work had been conducted on Boron Carbide strobes
nor was sufficient attention paid to a proper Design of Experiments. The author was searching for a
formula that could work in the 120mm Tracer platform and found such a candidate rather quickly in the
tinkering process.]
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The strobe light emission was notoriously tricky to control as the phenomenon happening between
Boron species, an endothermic nitrate, and a hydrated lubricant deserved more study before any
explanation could be offered. The two strobes we tested failed to ignite except for one sample.
Adjustments were made to the strobe mixture by adding a more vigorous oxidizer and changing the
configuration such as metal cups/sleeves instead of bare pellets/cardboard sleeves.

The idea behind a strobe tracer was that the change in amplitude of the visible signature would cause
contrast in brightness at a suitable speed for the eye to be attracted to the oscillations relatively quickly
compared to something burning the same instensity the whole time. A round flying away at 1500-1800
meters per second would disappear suddenly unless something was flickering to make the tracer easy to
pick up with the eye.  Strobes are notoriously difficult to duplicate or pull off because the pyrotechnic
combustion seems to be in a state of dying out only to be starting back up again. The kinetics of the
pyrotechnic reaction would be highly heat transfer dependent and so the choice of hardware and the
size of the pyrotechnic column make such parameters extremely critical to performance.

Figure 3. Strobe effects utilizing Boron Carbide– Potassium Nitrate- Calcium Stearate System. M1002
cup, 10000 lbs force, Mg-BaO2-CaRes igniter, 6.5 gram charge.

The strobe formulations were extremely difficult to ignite and would require a suitable igniter. The
strobe system in Fig. 3 really oscillates to the fullest extent and was incredible to view during burning
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especially since it was burning for almost 22 seconds. The contrasts from high to low and back to high
luminosity gives the appearance that it is extremely bright.
The strobe concept needed to be easier ignitable and more survivable especially in the ballistic
environment. Further studies of the strobe system explored the effects of altering percentages of the
boron carbide – potassium nitrate – metal periodate – calcium stearate composition. Potassium
periodate does work but sodium periodate seems more suitable for the tracer program due to ease of
acquisition on the part of the researchers.
Shaw, Poret, and Sabatini had found that other binders or lubricants could not achieve the type of
oscillations seen with this system so far. The list includes other stearates, Teflon, polyvinyl alcohol,
epoxy blends, and graphite.

Initial Range of Strobing mix ingredients – highly dependent upon configuration.
Boron Carbide Percent Range: 13-17%
Potassium Nitrate Percent Range: 52-67%
Sodium Periodate Percent Range: 15-30%
Calcium Stearate Percent Range: 1-5%
Consolidation Force range: 2000 – 10000 lbs of force

Defying Pyrotechnic logic, the effects of consolidation were inconclusive based on a 13% Boron Carbide,
5% Calcium Stearate, 57% Potassium Nitrate, and 25% Sodium Periodate. All burned with similar profiles
and no discernable trend in burn times. One possible conclusion stems from the idea that this system is
near its TMD (Theoretical Mass Density) and any further consolidation leads to diminishing returns on
burn effects.

The only applicable burn times measured in M829A1 configuration was using Mid-Wave and Long-Wave
Infrared Spectrometry measurements. Here Mid-Wave capture of the two tracers.

Figure 4: M829A1 Standard and M829A1 cup with Strobe mix. Ignition of Strobe was still troublesome
but once it gets going, about 19 seconds of output in Midwave region versus 10 seconds. Output of
strobe is about half to two thirds of standard. However the oscillations offer more contrast to the
detector (human eye).
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Boron Carbide as the secondary fuel

To boost the mid-wave and long-wave signal, some metal was added for effect of molten slag
generation in hopes of giving the appearance of an oscillation for a detector.

Figure 5: Left chart shows Titanium/B4C/NaIO4/Teflon mid-wave output. Right chart shows
Silicon/B4C/NaIO4/Fe2O3/Teflon mid-wave output.

The addition of a sparky metal such as Titanium, a periodate oxidizer, and Teflon boosted mid-wave
intensity by 2-4 times the standard IR output while almost doubling the burn times. As the tracer started
burning and gaining heat during the combustion, the tracer started to erupt in luminous intensity as
some slag would get ejected during the burn. From a 120mm perspective, using such a burning
pyrotechnic system helps the detector see the tracer from farther distances. A modified mix was utilized
in actual testing of a kinetic round at Yuma Proving ground with videos showing molten slag being
ejected from projectile out to 5500 meters.

Using boron carbide with fine silicon, iron oxide, sodium periodate, and teflon created a unique
signature consisting of many smaller molten globules being ejected with more frequency then the
titanium. With matching burn time of the standard M829A1 tracer, the ejected silicon oxide and iron
molten globules gave large oscillations in the IR signature.

Discussion of Findings

We have demonstrated in numerous configurations the ability to at least double burn times using
different raw material blends for combustion effects. Such chemistry of boron carbide blends alter the
signature emission from strong red emission to green spectrum, mid-wave boost, /or overall intensity
profile patterns. The art of strobing with Boron Carbide systems is incredibly unique phenomenon that
remains unexplained and the author wishes to stress that further investigation is required. The interest
in strobing comes from ease of visibility for the shooter mixed with long burn times per volume. When
requirements of tracers call for hard constraints of reduced volume for tracer charge and increased
intensity at longer distances, the pyro technician has at his/her disposal the means to try especially
when utilizing some of the materials covered in these pages. While there are other means to increasing
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burn times and intensity using high nitrogen concepts, that coverage is outside the scope of this article.
Soon, tracers will illuminate the battlefield with perspectives forcing change in tactics and stratagem.
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ABSTRACT 
 

3D printing allows for the creation of novel propellant geometries not easily achieved using 

conventional casting, extruding and machining techniques.  Furthermore, the technology allows 

for the co-deposition of multiple materials to obtain propellant geometries with integral structural 

and ignition/booster elements. 

 

In this work, we report the development and testing of 3D printed, multi-core composite 

propellant grains with integral inert support structures.  The individual cores are printed using 

varying fuels and oxidizers in order to achieve a measurable change in combustion behavior as 

the combustion progresses through the grain.  The outer casing of the propellant grain is co-

printed along with energetic materials. 

 

Combustion analyses are performed on the as-developed grains and compared with those of 

propellant grains created using conventional techniques. 
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Invited Conference

Nanostructuring of materials is currently influencing near all scientific and industrial domains.
Explosives, priming formulations, propellants and in general « energetic materials », are fully concerned
by this scientific revolution. Explosives, thermite mixtures, even their combination, are now
nanostructured to exceed the performances (reactivity, reliability, environmental requirements) of the
classical micronsized products. Higher performances means high combustion velocities, high power in a
small place, the possibility to decrease sensitivity without losing priming power, and the opportunity to
design smart energetic materials by adjusting precisely the structure of these materials at nanoscale. The
high potential of nano-engineering of energetic materials is totally in accordance to the current
requirement to replace different primers based on heavy metals.

It offers the possibility to prepare explosives, detonators, priming compositions and propellants having a
function « by design » and reaching or even exceeding the performances of non environmental friendly
compositions limiting or excluding at the same time the pollutant drawbacks. According to new steps in
nanomaterial continuous engineering, it is now possible to design miniaturized detonating systems, but
also to develop bigger energetic charges and nanostructured propellants as the production capacities of the
freshly designed techniques are currently scaled up.

As an example of a continuous nanostructuring method, the Spray Flash Evaporation (SFE) process (1)
developed at NS3E to produce nanostructured explosive mixtures, is described and discussed and its
versatility and potential is highlighted for the energetic domain by showing different concrete examples of
nano-energetic materials addressing the requirements of performances for explosives and propellants of
the forthcoming generation. The SFE production capacity was recently scaled up to 100 grams per hour.
Different products, such as pure explosives, crystalline nanocomposite explosives, nanococrystalline
explosives and even amorphous nanostructured explosive mixtures obtained, will be given to highlight
the versatility of the SFE process. New results in the elaboration of nanostructured propellants and even
the priming potential of intimate mixed nanothermites with nanoexplosives produced by SFE, are
discussed. Performances are given in terms of combustion rates, desensitization, reliability and smart
design capacities.

As a transition to the reactive nanocrystallization techniques, the challenge of the characterization of
nanostructured explosive mixtures is also discussed. In this area, different new breakthroughs in the
characterization of nanostructured explosive nanocomposites and even nanococrystals are given. These
new works, combining atomic force microscopy with real time spectroscopies on a nanometric scale,
represent new advances in the characterization of matter on nanoscale and the main results and
possibilities are given.
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A second part of the talk is dedicated to the reactive nanocrystallization techniques developed in the last
ten years by the NS3E laboratory. The main results and breakthroughs come here from the use, which is
unique worldwide, of nanostructured hexolite and octolite explosives to synthetize the smallest
nanodiamonds ever synthetized worldwide by the detonation technique. Other nanoceramics obtained by
this technique are also highlighted.

At the end of the talk, some of the most important challenges that have to fulfill the energetic materials of
the future are given and an objective analysis regarding to the potential of nano-energetic materials is
made.

(1) D. Spitzer et al., Scientific Reports, 4: 6575, DOI: 10.1038/srep06575
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ABSTRACT

Conventional nanothermites are prepared by mixing metallic oxides (MOx) with aluminum nanoparticles.
The performances of such mixtures can be improved to some extent, by varying the nature of the metal in
the oxide, by adjusting the particle size distribution, by optimizing the Al/MOx ratio or by improving the
homogeneity of mixtures and the interfacial contact between nanoparticles. The reactivity of
nanothermites optimized this way remains, however, too weak for high power applications like detonation
initiation in secondary explosives. The nanothermite explosive power can be further enhanced by
increasing both the adiabatic temperature of the reaction and the amount of gaseous species in reaction
products. The use of oxidizing metal salts as sulfates instead of oxides, leads to compositions with
substantially higher reaction heats. The gas production can be strengthened by adding high explosives
(e.g. RDX) in the form of powders with submicron- to nanosized particle size distribution. Ultrafine
explosive particles (30 – 500 nm) were prepared by the spray flash-evaporation (SFE) process which has
been developed by our laboratory at pre-industrial scale with a production rate reaching now one
kilogram per day. Hybrid nanothermites have features of both nanothermites and high explosives. The
tests in open tubes have shown that the reaction of these energetic materials gave a shock front
propagating with kilometric celerity (1 – 3.4 km/s), which was able to detonate a high explosive charge
(PETN). Hybrid nanothermites combine the qualities of both nanothermites and high explosives and are
the most promising candidate materials for replacing lead-based primary explosives.

Introduction

In recent years the research on nanothermites has been marked by the development of new
compositions in which metallic oxides are more and more frequently replaced by oxygenated salts such as
perchlorates, iodates, periodates, sulfates and persulfates (1-5). The use of such oxidizers leads to
compositions with higher reaction heats than those of conventional oxide-based nanothermites. The
proportion of gas in the combustion products is increased, resulting in a strong enhancement of the
reactivity.

The second way to increase the reactivity of nanothermites is to combine them with high
explosives. This idea has been initially studied on Cr2O3/RDX/Al systems, in which the RDX is formed at
nanoscale in the porosity of chromium (III) oxide produced by a combustion method (6). Since then, the
properties of hybrid compositions based on this principle have been studied by Thiruvengadathan et al.,
and more recently by Qiao et al. (7,8). The size of explosive particles used to prepare such compositions
has a crucial influence on their detonation properties. A continuous process for preparing submicron- and
nano-sized particles of different explosives has been developed at ISL. This unique technique was called
SFE (Spray Flash-Evaporation); it consists in the ultrafast drying of aerosolized droplets of an explosive
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solution (9). The hybrid nanothermites prepared from these ultrafine explosive powders were called
NSTEX® (NanoStructured Thermites and EXplosives).

NSTEX® are energetic compositions which can detonate in semi-confined systems. In these
materials, the flame propagation velocity ranges from 1 to 3.4 km/s. The shock wave produced by the
reaction is able to initiate the detonation of a secondary explosive charge (PETN). We have recently
reported the first experimental demonstration of the possibility to transmit the detonation by using
NSTEX® as an alternative to primary explosives (10).

Results and Discussion

Preparation of hybrid nanothermites

Hybrid nanothermites were prepared by physical mixing of the explosive nanopowder (n-RDX)
with two aluminothermic compositions. The first thermite composition (n-Al/n-WO3) was prepared by
dispersion of the components into acetonitrile. The second one (n-Al/Bi2(SO4)3) was prepared by dry
mixing of both constituents. The ultrafine RDX powder is added to each nanothermite. The compositions
were homogenized by the vibration produced by a Vortex mixer operating at 2500 rpm. The solubility of
the explosive precludes the use of a liquid for carrying out the mixing. Explosive nanoparticles easily lose
their nano-sized morphology when are dispersed in a solvating substance. For instance, Thiruvengadathan
et al. have used isopropyl alcohol to mix explosive nanoparticles (RDX, NH4NO3, CL-20) with Al/CuO
nanothermites. In this preparation process it is most likely that the explosive actually loses its
nanostructuring (7).

Detonation velocity measurements

NSTEX® were loaded as loose powders into PMMA tubes with inner diameter of 3 mm and
150 mm length. The first 5 mm of the tube are filled with a n-Al/n-CuO nanothermite which provides
strong and reliable ignition of the NSTEX® column (L = 145 mm). The flame front propagation was
observed with a high speed camera operating at 200,000 fr/s. The study of the detonation transmission to
a PETN charge was carried out in a smaller system, similar to the one shown in figure 1. In this
configuration, the recording frequency was 840,000 fr/s.

Fig.1: Experimental system used to test the detonation transmission from a NSTEX® to a secondary
charge (here, PETN).

Results of detonation tests

After being ignited a NSTEX® composition first reacts by deflagration at about 300 m/s. A
transition from deflagration to detonation is subsequently observed. The detonation velocity ranges from
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1 km/s (~ 25 wt.% n-RDX) to 3.4 km/s (~ 90 wt.% n-RDX). The PPMA tube is crushed into powder by
the phenomenon. Video sequences clearly show the formation of a shock with a typical V-shaped front
(figure 2), travelling with a constant speed. The distance necessary to observe the transition from
deflagration to detonation is short (10 to 20 mm).

Fig.2: V-shaped detonation front observed with a NSTEX® composition (60 wt.% n-RDX) in a
PMMA tube (L = 150 mm).

In transmission experiments, the shock produced by the reaction of the NSTEX® initiate the
detonation of PETN pellets (7,9 km/s). This result was qualitatively corroborated by the perforation of
1 mm thick steel witness plates, placed at the extremity of the tube (figure 3).

Fig.3: Effects on steel plates produced by: (1) the deflagration of a PETN pellet (200 mg); (2) the
detonation of a PETN pellet (200 mg); (3) the detonation of five PETN pellets (1 g).

Conclusions

The experiments reported in this article, provide clear demonstration that the detonation initiation
of high explosives with hybrid nanothermite composition is possible. The transition from flame to
detonation and the transmission of the latter to a secondary charge can be achieved with only 100 mg of
NSTEX®. The transition distance is very short (less than 2 cm), albeit longer than the one of lead azide. In
NSTEX® compositions, the nanothermite acts as priming substance which makes the deflagration of the
nano-sized explosive easier and shortens the distance necessary for it to reach detonation. Once the
detonation has been initiated, the nanothermite does not have any active role in the reaction propagation.

The detonation transmission can be carried out with small, but still sufficient, amounts of NSTEX®. In
other words, the dense on-chip deposits with submillimeter-sized thickness do not release sufficient
power to induce a transition from deflagration to detonation, and even more to initiate directly the
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detonation of a secondary charge. The on-chip nanothermite systems can only be used as igniters in
pyrotechnics chain rather than detonating systems.
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ABSTRACT

This study presents the preparation and investigation of the novel, thermally stable explosive TKX-55.
TKX-55 was characterized using multinuclear NMR spectroscopy and IR and Raman spectroscopy as
well as mass spectrometry and elemental analysis. A low temperature, single-crystal X-ray diffraction
study was also performed. The thermal stability of TKX-55 was measured using differential scanning
calorimetry (DSC). The sensitivity was investigated using the BAM drophammer and friction tests and
the sensitivity towards electrostatic discharge was determined using a small-scale ESD device (OZM).
The standard molar enthalpy of formation (ΔHf

°
(s)) was calculated by the atomization method. The

standard molar enthalpy of sublimation (estimated using Trouton’s rule) was obtained using the CBS-
4M method within the Gaussian 09 program package. Using the calculated ΔHf

°
(s) and the density

(measured using a gas pycnometer), the detonation parameters for TKX-55 (as well as of other
compounds) were calculated using the EXPLO5 V6.02 thermochemical computer code. The properties
of TKX-55 (VC–J, pC–J, ΔEU°, FS, IS, ESD and temperature of decomposition) show that it is a highly
promising candidate for future use as a thermally stable secondary explosive, with advantages over
PYX, as well as currently used HNS.

Introduction

Ongoing research into thermally stable explosives is conducted in many research groups
worldwide [1-8]. Useful thermally stable explosives must meet the following demands: tailorable
performance, low sensitivity, high stability, low vulnerability, good environmental safety, low
solubility in water, as well as good longevity and compatibility. Explosives which are stable at high
temperatures and low pressures are used for mining in the oil and gas industry, as perforating charges
for exploration of oil and gas wells. Currently, perforation with shaped charges is a common method
for producing the network of pathways needed to economically drain hydrocarbons from a reservoir. It
is also used for accessing other deposits such as mineral water, geothermal energy, shell gas, sulfur
deposits, since it is the most cost-effective method [9]. Within this research area, the following
explosives have received particular interest: 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) [10-17],
2,2′,4,4′,6,6′-hexanitrostilbene (HNS) [14,15,18-24] and 2,6-bis(picrylamino)-3,5-dinitropyridine
(PYX) [25-29], (Figure 1).
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Figure 1: 1,3,5-Triamino-2,4,6-trinitrobenzene (TATB) (left), 2,2′,4,4′,6,6′-hexanitrostilbene (HNS)
(middle), 2,6-bis(picrylamino)-3,5-dinitropyridine (PYX) (right).

Other interesting, heat resistant explosives are also currently under investigation, such as
2,2′,2′′,4,4′,4′′,6,6′,6′′-nonanitroterphenyl (NONA) and 2,6-diamino-3,5-dinitropyrazine-1-oxide
(LLM-105) [30-32]. The search for heat-resistant explosives which show lower sensitivities and better
performances than HNS is a continuing process in many research groups. Among the currently
developed heat resistant explosives, 5,5'-bis(2,4,6-trinitrophenyl)-2,2'-bi(1,3,4-oxadiazole) (TKX-55)
is one of the most promising candidates for future application, not only due to its physico-chemical
properties, but also its convenient synthesis (Scheme 1) [33].

Scheme 1: Synthesis of 5,5'-bis(2,4,6-trinitrophenyl)-2,2'-bi(1,3,4-oxadiazole) (TKX-55) [33].

TKX-55 is a covalent compound which contains a conjugated system with six nitro explosophore
functional groups attached. Furthermore, the inclusion of the endothermic 1,3,4 oxadiazole
heterocyclic rings into the conjugated system increases the heat of formation of the final compound.
The calculated standard molar enthalpy of formation for TKX-55 is more than 2.5 times higher than
that of HNS, and more than 4.5 times higher than that of PYX (197.6 (TKX-55), 78.2 (HNS) and
43.7 (PYX) kJ∙mol-1) [33]. The measured density of the TKX-55 is 1.837 g∙cm-3 (pycnometer
measurement at 298 K), which is higher than the densities of both HNS and PYX [33]. The high
values for both the density and heat of formation are the reasons for the high detonation parameters of
TKX-55 (detonation parameters were computed using the EXPLO5 V6.01 thermochemical computer
code) [34]: detonation velocity (VC-J = 8.030 m∙s-1) and detonation pressure (pC-J = 27.3 GPa) [33].
The decomposition temperature of TKX-55 was determined to be 335 °C (onset value) [33] using
differential scanning calorimetry (DSC, β = 5°C∙min-1). The friction sensitivity of TKX-55 is lower
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(> 360 N) than the measurment range of the friction test apparatus. The impact sensitivity of TKX-55
is 5 J, which is equal to the value reported for HNS. TKX-55 is also less sensitive towards electrostatic
discharge than PYX or HNS (Table 1) [1,33]. Since many of the properties of TKX-55 were better in
comparison with those of HNS and PYX further investigations were undertaken on TKX-55.

This study is focused on the investigation of both, the effective perforation of conical shaped
charges filled with new thermally stable explosive (TKX-55) and the initiating capability of detonators
containing TKX-55 as a base charge (using the Underwater Explosion Test).

The jet penetration capability

In order to study the jet penetration capability of shaped charges containing TKX-55as a base charge,
the method described in the standard (PN-C-86045:1997, Explosives – shaped charges) was used [35].
The essential impacts on the depth of the jet penetration have the symmetry and homogeneity of the
liner. In order to meet all of the requirements for the geometry and the structure of the liners, the
powder metallurgy technology was applied [9,36-38]. Liners were manufactured by matrix press
molding of electrolytic copper powder (ECu, the diameter of the spherical copper grains was
approximately 10 mm), followed by the low temperature sintering of liners under a protective
atmosphere. The symmetry and homogeneity of the powder liners were assessed on a spinning table
workstation and by measuring the liner’s wall thickness at predetermined points [9]. The liners which
were obtained had the following characteristics: outer diameter (34.70 ± 0.01 mm), apex angle
(60.00 ± 0.01°), mass (18.00031 ± 0.00002 g), and density (8.40 ± 0.01 g∙cm-3) - Figure 2.

Figure 2: Liners made of electrolytic copper (ECu) powder.

Further factors which have significant impact on the jet penetration capability are the physico-
chemical properties of the explosive that is used as the main charge. In our experiments, TKX-55 was
compared with RDX as well as with phlegmatized RDX (RDX with 1.5% polyfluoroethylene) [39,40].
The mass of base charge used for each shaped charge was kept constant (16.00 ± 0.01 g). The
explosive with liner was press-molded into steel case at ambient temperature under a pressure of
215 MPa. For each explosive under investigation, five shaped charges were prepared. The obtained
densities for TKX-55, RDX, and RDX + 1.5% PTFE were equal to: 1.43, 1.46, and 1.51 g∙cm-3,
respectively. The shaped charge for the jet penetration capability and a schematic drawing are shown
in Figure 3.

Figure 3: Three views of the shape charge filled with 16.00 g of TKX-55 (a-c), and a schematic
diagram of the shaped charges which were investigated (d).
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The shaped charges under investigation were placed at a standoff distance equal to 1.5 caliber of
the liner above the stack of steel plates (steel grade St3, thickness 10.00 ± 0.01 mm). A RDX
detonating cord and a commercially available detonator (NITROERG – ERGODET 0.2 A) were used.
The test setup for firing the shaped charges is shown in Figure 4.

Figure 4: The test setup for firing the shaped charge: view of the shaped charge filled with TKX-55
placed at the standoff distance on a stack of whiteness plates (left) and the complete apparatus set-up

for the test (right).

After firing the shaped charges, the depth of penetration (h), inlet diameters (φi) and volumes of the
craters (V) were determined (Table 1). The result of the action of the shaped charge filled with TKX-
55 as a base charge is shown in Figure 5.

Figure 5: Views of steel witness plates after firing the shaped charge filled with TKX-55.

Table 1: The values of h, φi, and V obtained for the shaped charges under investigation.

Explosive h [mm] φi [mm] V [mm3]

RDX
127.3
(1.9)

14.1
(2.4)

5800
(2.9)

RDX + 1.5% PTFE
124.1
(2.2)

11.3
(2.6)

5500
(3.3)

TKX-55
91.2
(1.8)

13.4
(2.7)

3200
(3.0)

Coefficient of variation (CV, %) is given in brackets.

The highest values for the depth of penetration, inlet diameter and volume of the crater were obtained
using RDX. The introduction of 1.5% PTFE resulted in a decrease of h, φi, and V in comparison with

89



the values for RDX (97.49, 80.14, and 94.83% of the RDX values, respectively). TKX-55 gave
smaller values for h, φi, and V than RDX (71.64, 95.04, and 55.17% of RDX, respectively).

The initiating capability of detonators

In order to determine the initiating capability of detonators containing TKX-55 or PYX as a base
charge, the underwater explosion test was used [41-47]. The explosives under investigation (0.2 g, 0.5
g and 0.7 g) were pressed into aluminum shells under a pressure of 4.40 MPa. The tests with the
explosive samples were carried out five times. For 0.5 g and 0.7 g of base charge, two identical
loading operations were undertaken (2·0.25 g and 2·0.35 g, respectively). The priming charge (lead
azide, 300 mg) was compressed at 4.40 MPa into an inner cup, and placed onto the base charge by
applying a pressure of 4.40 MPa. Afterwards, an electric fuse-head with sealing plug and leading wires
was fixed to the loaded detonator shell, and an inner cup filled with lead azide. In order to carry out
the underwater explosion tests, a water tank constructed from energy-absorbing and non-reflecting
material with a positioning system for the sensor and detonator was used (Figure 6).

Figure 6: The arrangement for the underwater explosion tests (left) and the positioning system with
the sensor and detonator (right).

A voltage mode tourmaline pressure sensor (PCB Piezotronics, Inc, model 138A05) and oscilloscope
(Agilent, model 54622A) were used to collect the data. The testing conditions during the
measurements were constant: water temperature 11 °C, atmospheric pressure 982 hPa. The
overpressures which were generated in the water were recorded by a piezoelectric transducer.
Subsequently, the collected data (I=f(t)) from the pressure sensor was transferred into a P=f(t)
relationship. The characteristics of the primary shock wave which was generated in the water were
used to determine the maximum of overpressure (Pmax) and the time at which the sensor output had
decreased to Pθ = Pmax·e-1 (θ), as well as to calculate the primary shock-wave energy (ESW) and the
shock energy equivalent (ES) (Figure 7, Table 2, and Table 3).
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Figure 7: The primary shock wave which was generated in water by firing a detonator filled with
0.7 g of TKX-55 as a base charge.

Using on the data which was obtained, the time interval between the shock-wave pressure peak and the
first collapse of the gas bubble (tb) was determined, and the bubble gas energy (EBW), and bubble
energy equivalent (EB) were calculated (Figure 8, Table 2, and Table 3).

Figure 8: Overpressure generated in water by firing a detonator containing 0.7 g of TKX-55 as a base
charge.

The total energy (E) generated in water by PYX and TKX-55 (0.2 g, 0.5 g, 0.7. g) is also summarized
graphically in Figure 9.
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Table 2: Values of the experimental shock wave parameters: Pmax, PΘ, Θ, tb for PYX and
TKX-55.

Explosive
m
[g]

ρ
[g∙cm-3]

P
max

[MPa]

PΘ

[MPa]
Θ

[µs]
t
b

[ms]

PYX

0.20
(0.28)

1.05
(0.34)

5.45
(3.54)

2.01
16.52
(2.70)

16.35
(0.83)

0.50
(0.57)

1.40
(0.63)

7.41
(0.74)

2.73
16.46
(0.77)

22.07
(0.45)

0.70
(0.18)

1.42
(0.57)

8.41
(1.37)

3.09
16.16
(3.31)

23.88
(0.49)

TKX-55

0.20
(0.36)

1.25
(0.40)

5.38
(0.73)

1.98
13.79
(1.76)

18.21
(0.28)

0.50
(0.33)

1.18
(0.39)

7.09
(0.97)

2.61
15.14
(1.95)

22.10
(0.69)

0.7
(0.17)

1.17
(0.39)

8.25
(0.76)

3.04
16.34
(1.37)

24.09
(0.48)

Coefficient of variation (CV, %) is given in brackets.

Table 3: Values of the calculated shock wave parameters ES, ESW, EB, EBW, E for PYX and
TKX-55.

Explosive
m
[g]

E
S
·10

8

[Pa2·s]

E
SW

[J]
E

B
·10

-6

[s3]

E
BW

[J]
E
[J]

PYX
0.20 1.46 198.27 4.37 339.85 538.12
0.50 2.84 385.68 10.75 835.88 1221.56
0.70 3.67 498.39 13.62 1058.87 1557.26

TKX-55
0.20 1.45 196.91 6.04 469.54 666.45
0.50 2.60 353.08 10.79 839.30 1192.38
0.70 3.46 469.87 13.98 1087.05 1556.92

Figure 9: Total energy (E) generated in water by PYX and TKX-55 (0.2 g, 0.5 g, 0.7. g).

The densities which were obtained during the experiments are lower than the theoretical maximum
densities (TMDs). The differences in the densities obtained are due to the methodology used, which is
described in the European Standard [42], i.e. the same pressing pressure (4.40 MPa) for the
investigated explosives. The lowest value for the density of PYX was obtained for base charges of 0.2
g. In the case of TKX-55, the opposite trend occured. This has a direct impact on the experimental
shock wave parameters: Pmax, PΘ, Θ, tb, as well as the calculated values of ES, ESW, EB, EBW, E.
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Nevertheless, a constant value for the pressing pressure was used for comparative reasons. Therefore,
the underwater test results are additionally supported by calculated detonation parameters at obtained
densities. The values of the peak overpressure of TKX-55 are slightly lower than those obtained for
PYX. The times required for the overpressure to decrease to Pmax·e-1 were comparable for TKX-55 and
PYX. These two factors confirm that the primary shock waves (and thus brisance) generated by TKX-
55 and PYX are similar in nature. Moreover, the first bubble collapse which was registered for TKX-
55 and PYX were also comparable which indicates that TKX-55 and PYX show similar action
(heaving power) at larger distance from the point of initiation. Finally, the calculated total energies as
a sum of the primary shock wave energy and bubble gas energy of TKX-55 (0.5 g and 0.7 g base
charges) are similar to those obtained for PYX. In contrast, the 0.2 g base charge of TKX-55 generates
a larger bubble energy and therefore the total energy obtained for TKX-55 is higher than that of PYX.

Detonation parameters

The gas phase absolute molar enthalpies at 298 K and 1 atm were calculated theoretically using the
modified complete basis set method (CBS-4M; M referring to the use of minimal population
localization) with the Gaussian 09 software [48-50]. Gas phase standard molar enthalpies of formation
(ΔHf

°
(g)) at 298 K were computed using the atomization energy method [51-54]. Standard molar

enthalpies of formation were calculated using ΔHf
°
(g) and the standard molar enthalpies of sublimation

by applying Trouton’s rule [55,56]. The Chapman-Jouguet (C-J) characteristics, (i.e. detonation
temperature, TC-J; detonation pressure, pC-J; detonation velocity VC-J) based on the calculated standard
molar enthalpy of formation values (PYX: 43.7, HNS: 78.2, TKX-55: 197.6 [kJ∙mol-1]) and the
densities were performed with the CHEETAH (version 2.0) thermochemical code [33,57]. Calculations
for explosives assume ideal behavior. The Becker-Kistiakowsky-Wilson equation of state (BKW EOS)
for gaseous detonation products with the BKWC product library and the BKWC set of parameters
(α = 0.49912, β = 0.40266, κ = 10.864, Θ = 5441.8) were used in the calculations. The total detonation
energy (E0) as the sum of the mechanical and thermal energies was calculated assuming frozen
expansion of the detonation products at 2145 K (Table 4).

Table 4: Calculated values of TC-J, pC-J, VC-J and E0 for PYX, HNS and TKX-55.

ρ
[g·cm-3]

ρ·ρTMD
-1

·100[%]
TC-J

a)

[K]
pC-J

b)

[GPa]

VC-J
c)

[m·s
-1

]
−E0

d)

[kJ·cm-3]

PYX

1.757 100.00 3974 24.44 7462 8.215
1.42 80.82 3970 15.04 6463 6.075
1.40 79.68 3965 14.59 6404 5.956
1.05 59.76 3829 8.13 5385 4.032

HNS 1.74 100.00 4048 23.24 7227 8.406

TKX-55

1.837 100.00 4059 27.02 7630 8.684
1.25 68.05 4004 11.45 5948 5.049
1.18 64.24 3972 10.17 5747 4.673
1.17 63.69 3967 10.00 5718 4.620

a) Detonation temperature; b) detonation pressure; c) detonation velocity;
d) detonation energy.

Detonation parameters for the maximum density calculated using CHEETAH (version 2.0) differ from
those obtained using EXPLO5 (version 6.01). The largest differences are observed for the detonation
temperature - CHEETAH values are much higher than those obtained using EXPLO5. Nevertheless, the
calculated values are similar [40]. TKX-55 possesses a higher detonation temperature, detonation
pressure, detonation velocity, and detonation energy than HNS or PYX.
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Synthesis

TKX-55 and PYX were synthesized according to the methods reported previously in the
literature [27,28,40]. All compounds were isolated and characterized using multinuclear (1H, 13C)
NMR and elemental analysis. NMR spectra were recorded using a JEOL Eclipse 400 ECX instrument.
Elemental analysis was carried out by the department’s internal micro analytical laboratory using an
Elementar Vario el by pyrolysis of the sample and subsequent analysis of the formed gases.
Industrially produced explosives were supplied by Chemical Works “NITRO-CHEM” S.A.

TKX-55

Bis(2,4,6-trinitrobenzoyl)oxalohydrazide [40]
Oxalyldihydrazide (10 mmol, 0.59 g) was added in one portion to a solution of 2,4,6-trinitrobenzoyl
chloride (5 mmol, 2.76 g) in 25 mL tetrahydrofuran (THF) and the mixture was stirred for 72 hours at
ambient temperature. The precipitate was filtered off and washed with THF, acetone, and diethyl ether
(yield 2.48 g, 83%). 1H NMR (400.18 MHz, DMSO-d6, 25 °C, ppm) δ: 11.47 (s, 2H, NH), 11.42 (s,
2H, NH); 9.13 (s, 4H, CH); 13C{1H} NMR (100.0 MHz, DMSO-d6, 25 °C, ppm) δ: 158.0, 157.5,
147.92, 147.91, 129.2, 124.1; EA (C16H8N10O16, 596.29): calc.: C 32.23, H 1.35, N 23.49 (%); found:
C 32.22, H 1.61, N 22.87 (%).

5,5'-Bis(2,4,6-trinitrophenyl)-2,2'-bi(1,3,4-oxadiazole), TKX-55 [40]
Bis(2,4,6-trinitrobenzoyl)oxalohydrazide (1 mmol, 0.60 g) was added to fuming sulfuric acid (20%, 10
mL). The mixture was stirred for 24 hours at ambient temperature before being poured onto crushed
ice. The precipitate which formed was filtered off and washed with water until it was acid free, and
was subsequently dried (yield 0.52 g, 93%). 1H NMR (400.18 MHz, DMSO-d6, 25 °C, ppm) δ: 9.40
(s, 4H, CH); 13C{1H} NMR (100.0 MHz, DMSO-d6, 25 °C, ppm) δ: 158.1, 154.0, 150.3, 149.4, 125.3,
116.8; EA (C16H4N10O14, 560.26): calc.: C 34.30, H 0.72, N 25.00 (%); found: C 34.33, H 1.01,
N 25.01 (%).

PYX

2,6-Bis(picrylamino)pyridine (Pre-PYX) [28]
Magnesium hydroxide (1.05 g, 18 mmol) and 2,6-diaminopyridine (0.98 g, 9 mmol) were added to a
solution of picryl chloride (4.95 g, 20 mmol) in p-xylene (40 mL). The reaction mixture was heated at
140 °C for 3 h and then allowed to cool to room temperature. Toluene (30 mL) was then added and the
product collected by filtration, washed with methanol, 10% HCl and with water until it was acid free.
Yield: 60.00%, 2.97 g. 1H NMR (400.18 MHz, DMSO-d6, 25 °C, ppm) δ: 10.37 (s, 2H, NH), 8.77 (s,
4H, CH), 7.75 (t, 1H, J = 8.02 Hz, CH), 7.75 (d, 2H, J = 8.02 Hz, CH); 13C{1H} NMR (100.0 MHz,
DMSO-d6, 25 °C, ppm) δ: 154.7, 143.1, 139.4, 139.1, 136.7, 125.7, 99.2; EA (C17H9N9O12, 531.31):
calc.: C 38.43, H 1.71, N 23.73 (%); found: C 38.29, H 1.88, N 23.57 (%).

2,6-Bis(picrylamino)-3,5-dinitropyridine (PYX) [27]
2,6-Bis(picrylami-no)pyridine (1.06 g, 2 mmol) was carefully added under stirring to 11 mL of fuming
nitric acid at -20 °C. The resulting solution was allowed to warm to room temperature, stirred for 2 h,
then heated under reflux for 5 h before being cooled and diluted with 21 mL of 65% nitric acid at 0 °C.
The precipitated product was filtered off, washed with 3 mL of 70% nitric acid, water until acid free,
and finally with 21 mL of methanol. The product which was obtained was dried at 150 °C. Yield:
66.80%, 0.83 g. 1H NMR (400.18 MHz, DMSO-d6, 25 °C, ppm) δ: 11.25 (s, 2H, NH), 9.19 (s, 1H,
CH), 8.90 (s, 4H, CH); 13C{1H} NMR (100.0 MHz, DMSO-d6, 25 °C, ppm) δ: 161.2, 144.4, 142.3,
137.7, 131.2, 125.1, 124.0; EA (C17H7N11O16, 621.30): calc.: C 32.86, H 1.14, N 24.80 (%); found:
C 32.68, H 1.38, N 24.29 (%).

6 Conclusions

TKX-55 is a promising new candidate for use as a thermally stable explosive due to its properties (VC–

J, pC–J, E0, FS, IS, ESD and temperature of decomposition) and convenient method of synthesis. TKX-
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55 shows advantages in comparison to HNS and PYX. The jet penetration capability of TKX-55 is
much lower than RDX. Nevertheless, TKX-55 can be used at much higher temperatures. In order to
obtain a better comparison of the jet penetration capability, shaped charges containing PYX and HNS
as the base charge should be performed. The primary shock waves (and thus brisance) generated by
TKX-55 and PYX are comparable as is the first bubble collapse. This indicates that TKX-55 and PYX
show similar action (heaving power) at larger distances from the point of initiation.
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ABSTRACT 

 

The efficient and scalable synthesis of bis-isoxazole dinitrate (BIDN) and its energetic properties are described. 

The material has favorable sensitivity properties, and its theoretical and experimentally determined properties point 

toward its candidacy as both a melt-castable explosive, and as a propellant ingredient. 

 

Introduction 

 

The development of high-energy-density materials (HEDMs)1 with good performance and low sensitivity is a 

common goal amongst those with an interest in the field of energetic materials. HEDMs are divided into two 

main groups, explosives and propellants. Explosive materials contain a significant amount of potential energy 

that produces a significant amount of light, heat, sound and pressure when this energy is released suddenly.  

When this phenomenon occurs, it is known as an explosion. A propellant is an energetic substance that is used to 

project a vehicle, bullet or other object, typically through the formation of hot, low molecular weight gases. 

Two respective sub-areas of explosives and propellants are melt-castable materials and energetic plasticizers. 

According to the review by Ravi and co-workers2, an ideal melt-cast material is defined as having a low vapor 

pressure (inhalation toxicity), a melting point between 70-120 oC, a significant difference between the melting 

temperature and the temperature of decomposition,  a high density, low sensitivity, and a “greener” synthesis. 

Traditional melt-cast technologies are TNT-based, but toxicity concerns have led to its replacement with 

dinitroanisole (DNAN)-based melt-castable eutectic formulations3. DNAN-based melt-castable materials, have 

low performance compared to TNT, and so there is always an interest in developing new melt-castable candidates 

that can be formulated to probe their potential applications. 

As the name implies, a plasticizer, when added to a formulation, enhances the fluidity or plasticity of the 

material. Energetic plasticizers are used to improve the physical properties, to double as a fuel, and to improve 

overall energy yield of a formulation. Currently, most fielded nitrate ester plasticizers are high-energy molecules, 

which to the formulator, are as oxygen balanced as possible to obtain the highest performance of their respective 

propellant (gun, rocket). One of the most popular nitrate ester-based plasticizers is the oily liquid nitroglycerin 

(NG), first invented in 1847. In 1875, Nobel found that a very useful and applicable gel was formed when NG 

was mixed with nitrocellulose (NC). This gel was used by Nobel to produce blasting gelatin, gelatin dynamite, 

and ballistite, the first double-base propellant smokeless powder. NC and NG make up an optimal energetic 

composition.  The former helps impart mechanical strength to the propellant, while the latter assists in increasing 

the energy and burning rate of the propellant. 

Unfortunately, oxygen balanced nitrate ester plasticizers such as NG tend to be quite sensitive to a variety of 

thermal and mechanical insults. Typically, most liquid nitrate esters have rather high volatility in regards to their 

molecular weight. Coupled with weak carbon-nitroxy linkages, this often results in premature 

volatilization/decomposition into reactive gaseous products under extended heating/and or long term aging, 

resulting in detonable materials. NG, widely regarded as the work horse energetic plasticizer, suffers from a high 

degree of thermal instability, as it decomposes at 50 oC.  NG also requires chemical stabilization, as it is so 

reactive to be used in practical applications as a standalone ingredient. Hence, energetic plasticizers such as NG 

suffer from high volatility in cook-off scenarios, leading to gas phase species which are highly detonable.   

In an effort to mitigate the aforementioned safety concerns, there is an interest to synthesize materials that: a) 

possess a heterocyclic base having lone pairs available for Lewis base behavior towards electrophilic energetic 

materials such as nitrocellulose (NC) and nitramines; b) possess alkyl nitrate pendant chains to ensure high 

miscibility with commonly used energetic plasticizers. Such materials may be looked upon as potentially having 

better wetting and plasticization properties, thus creating softer boundaries at material interfaces leading to more 

robust propellant formulations. This may result in less volatility/migration during thermal and mechanical shock, 
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as well as leaving the plasticizer in nitrocellulose for longer periods of time during cook-off, thus reducing 

surface area at time of ignition. 

 

Results and Discussion 
In synthesizing materials that possess both a heterocyclic base and alkyl nitrate groups, it was felt that the 

presence of an isoxazole-based heterocyclic system would be worthy of exploration.  The isoxazole ring not only 
has an electron donating oxygen atom, but the carbon atoms that make up its molecular structure also allows for 
the introduction of pendant chains to a greater extent than tetrazoles or triazoles would. In designing an efficient 
synthesis capable of being produced in a scalable and efficient manner, it was decided to synthesize 
dichloroglyoxime (2) by a less hazardous and more lab-friendly route than was described in the TKX-50 synthesis4. 
The synthesis of dichloroglyoxime using this traditional procedure calls for the conversion of glyoxal into glyoxime 
(1), followed by treatment of this latter intermediate with chlorine gas at low temperatures in ethanol. While this 
procedure works well, the handling of chlorine gas is problematic, as the use of chlorine gas presents a potential 
inhalation and occupational health hazard5. 

 
Scheme 1. Revised synthesis of dichloroglyoxime (2). 

 

 

 
The revised synthesis for the preparation of dichloroglyoxime represents a modification of the procedures 

employed by Van der Peet6, and is summarized in Scheme 1. Exposure of glyoxal to hydroxylamine hydrochloride, 
followed by 4 h dropwise addition of NaOH at 0oC, resulted in 1 being obtained in high yield. Treatment of 1 with 
N-chlorosuccinimide (NCS) in DMF afforded 2 in nearly quantitative yield.   

With 2 in hand, attention was turned to making the 3,3’-bis-isoxazole ring system. Doing this would entail 
formation of the bis-nitrile oxide intermediate from dichloroglyoxime, followed by an in situ double cycloaddition 
with an alkyne to generate the product. Feuer has indicated that care must be taken when preparing the bis-nitrile 
oxide, as this intermediate is unstable, and can polymerize/oligomerize in solution to yield undesired (poly) 
furoxan, or cross-linked species in the presence of alkenes and alkynes7. It has been well established by Feuer that 
undesired dimerization/oligomerization/polymerization events associated with nitrile oxides can be minimized if 
the reactions are performed in high dilution conditions, while employing an excess of the alkyne. Bearing this in 
mind, the synthesis of bis-isoxazole diol 3 was attempted (Scheme 2). 

 
Scheme 2. Synthesis of bis-isoxazole diol 3 and its nitrate ester derivative 4. 

 

 
 

3, and an excess of propargyl alcohol was mixed in MeOH at 0.1M concentration. A saturated solution of 

NaHCO3 was then added over a 15 minute period to convert dichloroglyoxime to the bis-nitrile oxide, via 

dehydrodechlorination. A significant amount of bubbling occurred during the addition of the base, and an orange 

solution appeared. Unfortunately, no product was obtained by this method. This is in stark contrast to the 

methods reported by Van der Peet6. Believing that the bis-nitrile oxide was forming too quickly, it was decided to 

add the base in over several hours. Addition of a saturated solution of NaHCO3 to the reaction mixture over a 6 h 

period resulted in gentle bubbling, and a yellow solution, which was stirred an additional 10 hours after addition.   

Gratifyingly, bis-isoxazole diol 3 could be obtained in 75% yield reproducibly on a 20 g scale by simple 

evaporation of the solvent, followed by filtration of the resultant solid. Employment of alternative solvents (i.e. 

EtOH, t-BuOH), use of alternative bicarbonate bases such as KHCO3, and performing the reaction at 0 oC 

resulted in comparable yields being obtained. 
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Nitration 3 to produce dinitrate 4 is high yielding. 3 is nitrate successfully when treated with a mixture of 
100% HNO3/Ac2O, 100% HNO3, and even with 90% HNO3. The latter nitration conditions have been 
reproducible on a 23 g scale. Unfortunately, treating 3 with 70% HNO3 does not result in formation of 4, and 
only starting material was recovered. Overall, from glyoxal, the synthesis of 4 proceeds in 4 steps with an overall 
synthetic yield of 40%. 

With 4 synthesized, attempts were made to acquire a sensitivity and performance profile on the material. The 
impact8, friction9, and ESD sensitivities of this material are summarized in Table 1. Compared to a class 1 sample 
of RDX, 4 was less sensitive across-the-board, having reduced sensitivities to impact, friction, and electrostatic 
discharge.  
 

Table 1. Sensitivities of bis-isoxazole dinitrate 4. 
 
 

Compound IS[a] [J] FS[b] [N] ESD[c] [J] 

RDX 6.2 141 0.125 

4 11.2 >360 0.250 

[a] IS = impact sensitivity, h50 value; [b] FS = friction sensitivity; [c] ESD = electrostatic 

discharge 

 
The performance properties of 4 are summarized in Table 2. Interestingly, this compound exhibits a rare 

feature of nitrate ester energetic materials in that it has a melting point (96.2 oC) significantly below its 

temperature of decomposition (191.7 oC)10. Given the temperature profile and low sensitivity of 4, coupled with 

its calculated detonation pressure and detonation velocity, this material has the potential to be a TNT replacement 

in melt-castable and Composition B-based formulations. In addition, because 4 possesses some Lewis basic 

character and pendant alkyl nitrate ester functionality, this material may serve as a novel energetic plasticizer in 

insensitive munitions and in nitrate ester-based propellant formulations, potentially reducing volatility/migration 

during thermal and mechanical shock. 

 
Table 2. Properties of bis-isoxazole dinitrate 4. 

 

Data category 4 TNT NG 

Tm [oC][a] 96.2 80.4 14 

Tdec [oC][b] 191.7 295 50 

ΩCO2 [%][c] -61.5 -74 3.5 

ΩCO [%][d] -16.8 -24.7 24.7 

ρ [gcm-3][e] 1.585 1.654 1.6 

Pcj [GPa][f] 19.3 19.1 25.3 

Vdet [ms-1][g] 7060 6830 7700 

ΔfHo [kJmol-1][h] -139 -59.3 -370 

[a] Tm = temperature of melting; [b] Tdec = temperature of decomposition; [c] ΩCO2 = CO2 

oxygen balance; [d] Ωco = CO oxygen balance; [e] ρ = experimental density; [f] Pcj = 

detonation pressure; [g] Vdet = detonation velocity; [h] ΔfHo = molar enthalpy of formation 

 

Summary 

 

In summary, an efficient scalable route to bis-isoxazole dinitrate has been disclosed, and it exhibits a very low 

sensitivity to impact, friction, and electrostatic discharge. This material has the potential to serve multiple functions 

to serve the insensitive munitions community.  The sensitivity profile and performance properties of dinitrate ester 

4 suggests that this material has the potential to serve as:  a) a TNT replacement in melt-castable explosive 
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compositions; b) a potential ingredient with nitrocellulose-based propellant formulations in an effort to reduce the 

volatility/migration issues that arise during cook-off. 
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JIMTP Strategy and Path Forward

By Anthony Di Stasio

Background – The Director, OSD, Land Warfare & Munitions, established the Joint Insensitive
Munitions Technology Program (JIMTP) in 2007 to address applied research and advanced
technology development associated with improving the safety, and survivability, lethality and
reliability, of munitions and weapon systems of the Department of Defense, with an emphasis on
Insensitive Munitions technology.  The program continues to aggressively pursue the
development and demonstration of IM technologies that are ready and able to transition to either
a 6.4 program or directly to a program of record weapon where a technology integration
opportunity or transition opportunity exists.

The JIMTP is a unique partnership of government, industry and academic partners. The Office of
the Secretary of Defense has program oversight, but it’s managed by ARDEC with representative
from the Air Force and Navy. The partnership is essential to ensure the maximum return on
investment in a time of increasing fiscal constraint. These partners are working together to
reinvent the way munitions work – making them less sensitive, which in essence, provides the
warfighter with the confidence that the munitions will be safer in storage and in theater – while
at the same time, improving the lethality, reliability, safety and survivability of munitions.

The ideas behind Insensitive Munitions,
or IM, are not new; DoD has been
working to improve the safety of
munitions since their inception. After
several incidents during peacetime and
combat operations that destroyed entire
depots of vehicles and munitions, and
heavily damaged several aircraft
carriers, military leaders approved research dedicated to developing less sensitive munitions.
Ultimately, as a result, Congress passed the ‘Insensitive Munitions Law’ in 2001 shown in the
figure below.

These unplanned stimuli take the form of rapid or slow
heating events, such as a fuel fire on a vehicle or
aircraft, or an adjacent fire in a vehicle or storage
magazine; impact by fragments or bullets due to
shrapnel from nearby explosions or small arms fire from
combat or terrorist events; sympathetic reaction due to
the detonation of adjacent munitions; and shaped-charge
jet attack from rocket-propelled grenade or similar
weapons used by enemy and friendly forces.

NATO STANAG 4439
DEFINITION

Insensitive Munitions are: Munitions which reliably
fulfill their performance, readiness and operational
requirements on demand and which minimize the
probability of inadvertent initiation and severity of

subsequent collateral damage to weapon platforms,
logistical systems and personnel when subjected to

unplanned stimuli.

USC, Title 10, Chapter 141, Section
2389 December 2001

“§ 2389.  Ensuring safety regarding
insensitive munitions.  The Secretary
of Defense shall ensure, to the extent
practicable, that insensitive
munitions under development or
procurement are safe throughout
development and fielding when
subject to unplanned stimuli.”

102



However, it was not until 2007 that the department focused its efforts on developing joint (Army,
Air Force, Navy and Marine Corps) solutions through a centrally-managed program. The JIMTP
Program Office funds projects led by investigators across the Services, the Department of Energy
laboratories, as well as industry and academia through the National Armaments Consortium.

Purpose – The Purpose of the Joint Insensitive Munitions Technology Program (JIMTP) is to
provide a science and technology base to support the Secretary of Defense in ensuring that
munitions under development or procurement are safe throughout their lifecycle, when subjected
to unplanned stimuli, to the maximum extent practicable.  Since its inception, the JIMTP has
utilized the expertise of the entire weapon system community, including DoD, Department of
Energy (DOE), and private industry to develop enabling technologies for new weapon systems,
or for improving existing weapon systems.  This can include changes in the packaging, non-
energetic components, the energetic fills within the munitions, and other novel approaches.  The
JIMTP provides Insensitive Munitions technologies with an end goal of transitioning them to
Army, Navy, Marine Corps, Air Force, Missile Defense Agency, and Special Operations
Command munition systems.  The program invests exclusively in applied technology/research
and advanced technology development, with the understanding that Insensitive Munitions is not
an independent requirement, but part of an overall desired capability of an entire weapon system.
The JIMTP utilizes the service Program Executive Office’s (PEO) Insensitive Munitions
strategic plans to determine technical needs and shape priorities.

Program Structure - The figure to the right portrays the current structure and personnel
associated with the JIMTP.  Changes to
the structure during the last year are as
follows:  In an effort to ensure the
requirements of the Marine Corps were
considered during the New Idea and
Project Plan/Proposal Selection process,
the MATG V USMC PM Ammo co-chair
was selected to serve as the “MATG co-
chair as large.”

Success Stories - The following are a few
examples that show relevance as well as
return on investment JIMTP Program
Office:

 Advancement of IM Research and Understanding (BA2)
o Rocket propellants that self-extinguish or lose structural integrity
o Novel rocket motor designs that incorporate new reactive case materials and

venting
o Shock-dissipating coating of explosive crystals using advanced manufacturing
o Spray drying of explosives and Resonant mixing
o Use of microwaves to sensitize booster explosives and primers on-demand
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o Fundamental understanding and predictive technologies of slow cook off
properties of gun propellants

o New binders for energy partitioning/use of less sensitive materials
o Synthesis of next-generation insensitive explosives
o Development of new small-scale IM testing and Modeling & Simulation that save

money in formulation development

 Task 10-3-10 IM Focused Initiation System (AIM 9X)

o Initiation Systems for Extremely Insensitive Detonating Substances (EIDs) that
are resilient (unsusceptible) to IM threats

o In-line qualifiable design
o Compatible with low energy firing
o Meets other system requirements

 Survives environments
 Form factor

 Task 13-3-25 Next Generation Insensitive Munition Fill
for the 500# GP Bomb

o Utilize a fill that has a balance of large critical diameter, low shock sensitivity,
and robust auxiliary booster that reliably initiates the fill from the nose or tail

o Compatible with current fuzes
o Loadable with existing industrial base and equipment
o Less expensive than existing explosive fill

JIMTP Technology Gaps – As the JIMTP continues to mature, the program office along with
the Services, update their priorities and identify technology gaps listed below.  These gaps will
be the program’s focus.

 High Performance Propulsion
o Technology Gaps focused on improving responses to:

 Fragment Impact
 Slow Cook-off
 Fast Cook-off

o Venting technologies for tactical and logistical systems
o Technologies to reduce propellant reactivity
o Ideas to gain basic understanding of the mechanisms of IM

 Effects of aging on IM?
 Validation of models?
 Sub-scale tests?

 Minimum Signature Propulsion
o Technology Gaps focused on improving responses to :

 Fragment Impact
 Shaped Charge Jet Impact
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 Slow Cook-off
o Improvements in minimum signature ingredients

 Oxidizers
 Binders
 Burn Rate Modifiers
 Bonding Agents

o Improvements to rocket venting designs
 Case
 Nozzle
 Igniter
 Forward closure

o Technology Gaps focused on improving responses to :
 Sympathetic Reaction
 Fast Cook-off
 Fragment Impact
 Shaped Charge Jet Impact

o Development of new ingredients to achieve higher energy levels and higher
performance

o Novel initiation mechanisms

Awards - The JIMTP Program Office has identified three awards that help promote IM
compliance at the molecule and system levels – Investigator of the Year, Team of the Year and
Molecule of the Year.

While Insensitive Munitions (IM) compliance is ultimately a system level event, achieving such
objectives is a combination of mating specific energetic material vulnerabilities and thresholds to
a concomitant series of system level engineering design changes to better mitigate the hazard of
a weapon system exposed to a threat or unplanned stimulus.  Oftentimes, this results in mildly
reduced weapon performance in order to achieve significant enhancements in IM and subsequent
safety.  As such, there is a strong desire to identify energetic materials that provide exceptional
performance while minimizing sensitivity of the overall system in order to maintain or increase
future weapon system performance while maintaining or enhancing IM goals.

Summary – Since its inception, the JIMTP Program has been making munitions safer for the
warfighter as well as in some cases, making the munitions more lethal while making them less
sensitive during storage and transportation.  This allows the warfighter to have world dominating
munitions while gaining survivability.  As indicated above, there are still many technology gaps
that will be addressed moving forward.
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Lead-Free Primary Explosives and Beyond

K. D. Oyler, N. Mehta, US Army ARDEC, Picatinny Arsenal, NJ USA
G. H. L. Savithra, C. H. Winter, Wayne State University, Detroit, MI USA

ABSTRACT

The field of explosives development has long focused on increased performance and reduced
sensitivity, ideally while maintaining or reducing cost of production. Increasingly in recent times,
environmental considerations have also risen to the forefront for both secondary and primary explosives.
For the latter case, these initiating explosives are essential components to almost all military and civilian
munitions, where they form the basis of detonators, blasting caps, and primers. Their history of practical
use can be traced back to the 19th century, with only a handful of different compounds dominating the field,
highlighted by mercury fulminate, lead azide, and lead styphnate along with their formulations. Although
very effective in their roles, the modern age has seen their heavy metal content become increasingly
objectionable, and as a result of both increasingly strict environmental regulations as well as supply and
production difficulties, the last ten years have seen considerable attention applied to replacing these
compounds with more environmentally acceptable materials. These attempts have generated a number of
new primary explosive candidates, with varying degrees of effectiveness and practicality. The most
prominent of these are copper(I) 5-nitrotetrazole (DBX-1) and the class of materials known as metastable
interstitial composites (MIC’s); both have shown considerable success in detonator and primer applications.
Newer efforts have focused on more advanced inorganic materials, such as composites fabricated from
high-surface area structures coated by vapor deposition techniques such as atomic layer deposition (ALD).

Introduction

Primary explosives are small subclass of modern explosives which, nevertheless, play a highly
critical role for both military and commercial munitions. Their major purpose is as initiating substances
which can translate small amounts of mechanical, chemical, or thermal energy into an impetus strong
enough to reliably trigger other energetic materials such as secondary explosives, pyrotechnics, or
propellants. As a consequence of this need to convert small stimuli, primary explosives tend to be highly
sensitive and dangerous materials to produce, handle, and store. A typical primary explosive has impact
sensitivity between 0.5 and 4 J, friction sensitivity less than 10 N, and electrostatic discharge (ESD)
sensitivity of 0.1 J or less.1 In addition to the ability to initiate less sensitive energetic materials with high
degrees of reliability (a quality often referred to as initiating efficiency), effective primary explosives must
also be insensitive enough to handle and transport safely, be thermally and chemically stable over long
storage periods, possess good powder flowability characteristics, and be manufacturable at reasonable cost.2

In the modern age, the compounds and the chemical process to make them must also be as environmentally
and toxicologically benign as possible.

Historically, the most widely used primary explosives have focused on compounds containing
highly toxic heavy metals such as mercury and lead. The first such explosive to gain mainstream use was
mercury fulminate, discovered as far back as the 1600’s by alchemists2a but not believed to be used for
practical explosive purposes until the early 1800’s.3 It famously became the basis of the first commercial
blasting cap employed by Nobel for use with nitroglycerin-based dynamite in 1867.4 In its day, mercury
fulminate was the dominant primary explosive for most initiators, including both explosive detonators as
well as the more pyrotechnic-oriented percussion primers for small arms ammunition. It fell out of favor
for most of the world by the 1950’s, however, due to a variety of issues such as its poor long term stability,
high cost, tendency to “dead-press” (lose effectiveness when consolidated at high loading pressures), and
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well-known toxicity.2b In its place, several lead-based primary explosive materials were developed. For the
initiating of secondary high explosives, lead azide (Pb(N3)2) became the basis for detonators and blasting
caps. It was not effective in percussion primer formulations, however, due to reasons such as its
incompatibility with copper and copper-containing alloys, including the brass widely used in small arms
ammunition. Instead, lead styphnate was chosen for primer applications, generally in combination with
another primary explosive, tetrazene (1-(5-tetrazolyl)-3-guanyltetrazene hydrate), to help increase its
reliability; these primary explosives have formed the basis of most modern commercial and military
ammunition percussion primer formulations.3 Today, lead azide and lead styphnate remain the most
commonly used primary explosives for both military and civilian applications. Several varieties of each
compound exist. Lead azide is often synthesized with various additives or polymeric coatings to control
sensitivity, some of the more common types are: dextrinated lead azide (DLA), which is coated with the
sugar-based polymer dextrin; service lead azide (SLA) which has sodium carbonate as an additive to avoid
sensitive crystal morphologies; special purpose lead azide (SPLA) which is coated with
carboxymethylcellulose (CMC) polymer; and RD1333 lead azide, which is also coated with CMC but made
by a slightly different process than SPLA.5 Lead styphnate has two chemically distinct forms which are
both commercially produced, “normal” (lead(II) 2,4,6-trinitrobenzene-1,3-diolate hydrate) and “basic”
(di(lead(II) hydroxide)-2,4,6-trinitrobenzene-1,3-diolate).2

In recent decades, these primary explosives have become causes for concern due to the toxicity
associated with their lead content. Although not widely thought to be an issue when they were first adopted,
by the 1970’s and 80’s studies definitively proved the dangers of lead exposure to humans, particularly for
children.6 As a consequence, lead has become one of the most highly regulated substances across much of
the world. Specifically, the U.S. Clean Air Act of 1963 and the Clean Water Act of 1972 both list lead as a
toxic pollutant.2b Especially relevant to the U.S. military, it further falls under Executive Order 12,856 of
1993, which requires the reduction and/or elimination of hazardous materials used at federal facilities.7

Regulations on lead are only increasing; within the last decade, the EPA reduced the National Ambient Air
Quality Standard (NAAQS) for lead to only 0.15 µg/m3, an order of magnitude change from the previous
value. Restrictions are not limited to the U.S., the EU has also called for the elimination of both lead azide
and lead styphnate under the REACH Program. Further, research studies show a clear link between the
discharging of lead-based primary explosives and dangerous level of lead in the blood, particularly at indoor
firing ranges.8 High concentrations of lead in these types of facilities recently caused the Oregon National
Guard to close a dozen indoor training ranges.9

Several lead-free candidates have been evaluated over the years,2b but only a handful have met
these requirements and are currently mature in development. These include DBX-1 (copper(I) 5-
nitrotetrazolate), which was developed by the U.S. Navy along with Pacific Scientific Energetic Materials
Company (PSEMC) as a lead azide replacement.10 On the primer side, metastable interstitial composites
(MIC’s)—mixtures of fuel and oxidizer nanoparticles—can possess explosive behavior due to their high
surface area fuel/oxidizer interfaces, and have shown great promise as replacements for lead styphnate-
based formulations in percussion primers.11 Although both these materials have a high probability of seeing
practical use in the near future, the massive DoD catalog of items involving initiators also means that only
one or two materials will have a difficult time replacing all lead-based primary explosives. To address this
risk, additional viable primary explosives are needed.

One relatively new fuel material we have been investigating for primary applications is porous
silicon (pSi), which is a sponge-like, high-surface area form of silicon which possesses enhanced reactivity
compared to the bulk material. Originally investigated for its photoluminescent properties dating back to
the 1990’s,12 more recently its highly reactive properties have led to the investigation of the material in
various energetics-related applications.13 ARDEC has begun investigating pSi for potential Army
applications using a pSi powder developed and synthesized under a Small Business Innovation Research
(SBIR) program with Vesta Sciences, Inc. through a chemical etch method.14 As is the case with MIC
materials, the high surface area of the nanoporous pSi particles can be exploited through combining them
with a suitable oxidizer to form a highly reactive explosive material. The challenge in achieving this task,
however, is the extremely fine pore sizes (10 nm or less) of the pSi which makes thorough penetration of
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the porous network with oxidizer very difficult. Solvent based methods have only been found effective with
perchlorate salts,15 which are both environmentally objectionable as well as possessing a tendency to form
hydrates which reduce reactivity. Given these difficulties, we elected to explore more novel methods of
infiltration into pSi, such as atomic layer deposition (ALD) to create high-surface area fuel-oxidizer
composite materials.

First developed in the late 1970’s, ALD is a coating technique very closely related to chemical
vapor deposition (CVD).16 The two approaches are similar in that they are methods for depositing films
onto substrates using vapor-phase chemical reactants. ALD is much more refined, however, in that
depositions take place from sequential half-reactions involving two (or more) precursors. As a consequence,
ALD film growth is self-limited and is capable of depositing monolayers of material onto a substrate at a
time. These coatings are typically highly conformal and pin-hole free, rendering ALD as one of the most
effective means of coating nanoscale structures. Largely due to this feature, ALD has risen from a niche
field to one of great significance over the last decade to help accommodate the continuing miniaturization
demands of the semiconductor industry.16a From an energetic materials standpoint, ALD has to date seen
only limited use, such as with core-shell nanothermites of Al nanoparticles with ZnO or SnO2 coatings.17

Given the high precision of the technique, ALD also has potential in the field of reactive multilayer
materials.18

Results and Discussion

As a first step proof-of-concept, alumina (Al2O3) was investigated as an infiltration/coating material
with porous silicon powder. Alumina was an ideal candidate for an initial attempt given its inert character
and well-established nature within the field.16a The alumina coating proceeded in the traditional two step
fashion, deploying trimethylaluminum and water as the two primary vapor reagents.19 Figure 1 depicts an
entire ALD “cycle” to deposit a single layer of alumina, consisting of four total steps: 1.) exposure of the
substrate to trimethylaluminum, 2.) purging with inert gas, 3.) exposure of the substrate to the second
reactant, water vapor, and 4.) a final purge with inert gas.

Figure 1: Diagram of Al2O3 ALD process on silicon substrate.

Initial experiments were carried out to optimize the exposure and purge times, and subsequent results with
the alumina coatings were favorable, as energy dispersive spectroscopy (EDS) elemental mapping data
indicated the uniform presence of aluminum throughout the silicon particles. Although sufficient to verify
coating, EDS alone is insufficient to indicate an infiltration of the porous network by the alumina, given
that the technique does not penetrate significantly below the surface of the silicon particles. To provide data
in this regard, nitrogen physisorption studies were undertaken to determine average pore width, surface
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area, and volume of the porous silicon/alumina composites. This data is summarized in Table 1, comparing
the uncoated pSi to a sample coated with 25 ALD cycles of alumina. The coated sample maintained a
significant portion of the total surface area and volume estimates, suggesting that penetration of the internal
porous network was taking place.

Table 1: Nitrogen physisorption data for pSi samples coated by alumina with ALD.

Sample Average pore
width (nm)

Cumulative surface area
of pores (m2/g)

Cumulative volume of
pores (cm3/g)

Uncoated pSi 6.1 143.03 0.218

pSi after 25 cycles Al2O3 3.9 81.12 0.121

Following this preliminary successful result, a more energetically relevant oxidizer, bismuth oxide
(Bi2O3) was explored. Bismuth oxide has previously been applied to thermite-based energetic systems, and
is the one of the more common oxidizers implemented by metastable interstitial composites (MICs) in
conjunction with nano-aluminum fuel.11b, 11d Aside from being reactive, bismuth oxide is advantageous in
that it is reduced in the thermite reaction to form bismuth metal (Equation 1), which is thought to assist in
reduction of gun barrel corrosion.

3Si + 2Bi2O3 4Bi + 3SiO2 (1)

In selecting an appropriate bismuth precursor for ALD purposes, an organometallic bismuth
alkoxide complex was chosen, based on its approachable chemical synthesis and capability for ALD
delivery at temperatures as low as 90 ºC. As with the more common alumina ALD reactions, each bismuth
oxide ALD cycle followed the same general 4-step procedure as described above, only with the bismuth
alkoxide complex substituted for trimethylaluminum; water vapor was again employed as the secondary
reactant to form the Bi2O3. Initial studies of the precursor were carried out on silicon wafers to evaluate
their deposition behavior. Bismuth oxide films were determined to be successfully deposited on the wafer,
with a calculated deposition rate of approximately 0.35 Angstroms per ALD cycle.

Based on this result, coating/infiltration experiments with bismuth oxide were then carried out onto
the porous silicon particles. Again, SEM/EDS and nitrogen physisorption data were collected to assist in
the optimization of the reagent exposure and purge times. Once effective conditions were established, more
systematic data were collected on samples at regular ALD cycle intervals to better understand the coating
and infiltration behavior. EDS spectra are shown in Figure 2 from samples halted at 200, 400, and 800 total
ALD cycles.
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Figure 2: EDS spectra for pSi/Bi2O3 composites after 200, 400, and 800 ALD cycles.

Deposition of bismuth is clearly detected, and increases steadily as cycles are increased. In order
to confirm gradual bismuth oxide deposition within the porous structure, nitrogen physisorption data were
collected at increments spanning 200 to 1000 ALD cycles. This data is summarized in Figure 3, which lists
the calculated average pSi/Bi2O3 pore widths, cumulative surface area, and cumulative volumes (left) along
with a plot of pore diameter vs. cycle time. As can be seen, the average pore width was found to decrease
in a highly linear fashion as the numbers of cycles increased (linear regression R2 = 0.9896). This regular
decrease strongly suggests that the bismuth oxide coating took place in orderly, controlled fashion, and
likely penetrated substantially into the porous structure of the pSi. Had significant “pinch-off” of the pores
taken place close to the surface of the particles, it is expected that a sharp drop off in pore size/surface
area/volume would instead have been observed.

Figure 3: Nitrogen Physisorption data for pSi/Bi2O3 composite over multiple stages of ALD deposition (left)
and plot of ALD cycles vs. average pore diameter (right).

To date, pSi/Bi2O3 materials have only been made at the milligram scale, which has so far precluded
in-depth explosive sensitivity and performance evaluations. Current work is therefore focused on scaling
up the materials to the gram scale in order to allow for these determinations.

Summary
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The development of lead-free primary explosives is a vital task given the potential serious
ramifications of strict environmental regulations on the legacy materials. Herein we have described our
efforts towards the creation of new high-surface area fuel-oxidizer composite materials based on the
coating/infiltration of porous silicon particles with bismuth trioxide, as verified by EDS and nitrogen
physisorption studies. Ongoing research efforts are associated with determining the energetic potential of
these new materials. Although previously reported initiating technologies such as DBX-1 and MICs are
mature in development and have a high likelihood of future use in weapon systems, the vast number of
items in the DoD’s portfolio may easily require more than one or two compounds to completely replace
lead-based materials. A robust catalog of military-qualified primary explosives will be vital to not only
mitigate this risk, but to also provide alternatives capable of complying with future environmental
regulations.
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ABSTRACT

A significant health and possibly environmental problem is associated with military smokes and
obscurants. Besides the fact that these obscuration munitions pose a significant toxicity hazard to the user,
the environmental impact of these munitions can also be significant (e.g. due to the use of
hexachlorethane). The objective of the SERDP project WP-2405, Proof of Concept Novel Low-toxicity
Obscurant, is to investigate the technical feasibility to develop a new effective and environmentally
benign obscurant. The project is a collaboration between TNO and Edgewood Chemical and Biological
Center. As starting point the result of SERDP project WP-2148 [1] will be used, a sea salt based
composition. The focus of the new project will be on the additional steps needed to gain a performance of
approximately 70% (or better) of that of traditional HC smoke. The newly developed compositions vary
in different additives, as to improve the overall performance of the obscurant while maintaining the low
toxicity. Mass extinction coefficients were determined for different compositions by igniting 5 grams of
pressed compositions in sub scaled grenades in a smokebox (V~2m3), at different relative humidity. The
best five performing compositions were then studied to determine the acute toxicity for human lung cells
in culture with an air-liquid interface system, VITROCELL®. This was done by igniting 10 grams in sub
scaled grenades in a bio aerosol chamber (V~12m3).

Keywords
obscurant smoke, pyrotechnic composition, new pyrotechnic composition formulation, safety study,
transmission measurements, effectiveness, in vitro toxicity screening, air-liquid interface system, sea salt.

Introduction

Pyrotechnic obscurant munitions are being used for obscuration in training and in real operations
on the battlefield. Besides the fact that these obscuration munitions pose a significant toxicity hazard to
the user, the environmental impact of these munitions can also be significant (e.g. due to the use of
hexachlorethane, HC). In the past, HC smoke was very much in demand as obscurant to create dense
white smoke screens on the battlefield. HC smoke is a highly effective obscurant for the visual range of
the spectrum comprising hexachloroethane (C2Cl6) and zinc oxide (ZnO). These ingredients form
combustion products through a strongly exothermic reaction. Said combustion products consist of a dense
cloud of very small zinc chloride particles and hydrochloric acid, which altogether makes it a toxic
obscurant [2]. The smoke is highly effective, since the primary component is zinc chloride which is
vigorously hygroscopic. HC smoke compositions are no longer manufactured for use by the US Army
because of the high toxicity of the hexachloroethane [3], and the high toxicity of the resulting smoke. The
inhalation of zinc fumes is known to cause “metal fume fever” and the smoke also contains various
chlorinated organic compounds which are suspected to be carcinogens [4]. It was identified as the worst
smoke in a combined health/environmental ranking [5].

Within the TNO Pyrotechnics Laboratory of the department of Energetic Materials, a large
number of different pyrotechnic formulations have been studied over the  years. During the combustion of
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some of these formulations, it was observed that they generate a significant amount of smoke. This
information was taken into account at the time of the development of the idea to make a sea-salt aerosol
based obscurant. It seemed worth the effort to investigate the potential of a sodium chlorate based
composition. Sea-salt aerosol is a naturally occurring aerosol, which is deliquescent in nature, and well
characterized within environmental discussions. In the previous SERDP SEED project WP-2148,
Technical Feasibility Study of an Effective Low-toxicity Obscurant Material, dated 2012, a promising
composition was developed based on sea-salt [1]. containing 70 wt% of sodium chlorate, 22 wt%
cellulose, 5 wt% calcium carbonate and 3 wt% magnesium.

Comparing the composition to other obscurant compositions (e.g. hexachloroethane smoke, red
phosphorus smoke, and terephthalic acid based-smoke) it was concluded that the transmission through the
smoke generated by the sea-salt compositions is much higher compared to the use of hexachloroethane
smoke and red phosphorus smoke, but lower compared to that of terephthalic acid based smoke. Also in
vitro testing showed  that the smoke from the sea salt composition showed a lower acute toxicity than the
hexachloroethane, red phosphorus and terephthalic acid smokes.

The objective of the current SERDP project is to investigate the technical feasibility of
developing a new pyrotechnic obscurant composition based on ingredients that are environmentally
benign,. but with a performance similar to that of currently used obscurants (e.g. 70% or better
performance of HC smoke). Furthermore, during functioning the material should generate a combustion
product (smoke) that is low in toxicity. This project is a joint effort between TNO and the Edgewood
Chemical and Biological Center (ECBC).

For the determination of the acute toxicity of the smoke formulations, TNO used an in vitro
approach, with a so-called ‘air-liquid interface’ (ALI) system. This is considered to be the most realistic
procedure for exposing lung cells in vitro, mimicking the real-life situation within the respiratory tract.
Several ALI-systems are commercially available. TNO has been using the Vitrocell®-system since the
2001 and this approach was successfully applied to a variety of military and civilian toxicity issues.

Experimental

Materials
The baseline composition is a combination of sodium chlorate (NaClO3) with a simple

hydrocarbon fuel (cellulose), a metallic magnesium (Mg) fuel and calcium carbonate (CaCO3). The
sodium chlorate decomposes under the release of oxygen which will serve for the oxidation of the fuel
(cellulose and magnesium). The decomposing residue of sodium chlorate is sodium chloride, which will
be the main component in the sea salt based obscurant smoke. The added cellulose has an important
function in generating (carrier) gas during the combustion to help expanding the cloud, however it does
not contribute to the formation of as obscurant smoke itself. The calcium carbonate is added to form
cations to mimic the sea salt composition and has the potential to slow down the linear burn rate which is
very helpful during the design of full hand grenade items. The other ingredient is metallic magnesium
which yields a higher flame temperature compared to cellulose. The formed magnesium oxides during
combustion of the magnesium contribute to a dense white obscurant smoke.

The baseline sea salt composition was then modified with either complete component
replacement or by adding additives, to improve smoke performance, e.g.: ingredient X was investigated to
replace the cellulose, ingredient Y, ingredient Z, and melamine were added to the original sea salt
composition and KClO3 was used to replace NaClO3. The new ingredients were added in two different
weight percentages to be able to determine trends in smoke behavior. See also Table 1.
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Table 1: Alternative sea salt compositions for investigation. Quantities given in wt%.

All ingredients were grinded and passed through a sieve of 63 µm, except for ingredient X and
Sodium L-lactate, which have a particle size of 106 ≤ x ≤ 150 µm, and 63 ≤ x ≤ 106 µm, respectively.
Magnesium and ingredient Z were also not sieved since these materials already have a given particle size
< 63 µm. The ingredients were dried under vacuum for 24 hours at 55ºC, before use in the composition.
No wet binders were used and the dry compositions were mixed using a LABRAM (resonance acoustic
mixer from Resodyn), taking approximately 11 grams (for the duplicates in the transmittance

In
gr

ed
ie

nt
/

R
ef

er
en

ce
co

m
po

si
ti

on
[1

]

N
aC

lO
3

70
72

70
72

70
…

…
…

…
72

70
…

…
68

68
50

20

C
el

lu
lo

se
22

…
…

…
…

21
21

22
22

K
C

lO
3

20
50

G
lu

co
se

20
25

So
di

um
sa

lic
yl

at
e

20
25

So
di

um
la

ct
at

e
20

25

X
…

…
C

aC
O

3
5

5
2

5
2

…
…

…
…

5
2

…
…

5
2

5
5

M
g

3
3

3
3

3
…

…
…

…
3

3
…

…
3

3
3

3

Y
…

…
Z

…
…

M
el

am
in

e
3

6

29
1

28
5

28
6

28
7

28
8

28
9

29
0

15
E

M
0x

xx
27

6
27

7
27

8
27

9
28

0
28

1
28

2
28

3
28

4

116



experiments) and 35 grams (for the triplicates in the in vitro experiments) respectively of composition and
mixing for 1 minute.

The compositions were tested using dry powders for impact and friction according to the UN
guidelines (UN test 3(a)(ii)) impact BAM Fallhamer and UN test 3(b)(i) friction). From the friction and
impact results it is concluded that the new compositions are rather impact sensitive and relatively
sensitive to friction. It should be noted that many pyrotechnic compositions can be considered sensitive to
friction and impact. The compositions containing sodium salicylate proofed to be very sensitive and to
burn too fast. These compositions were therefore excluded from further testing.

The compositions were pressed inside sub scaled grenades. The dimensions of the subscale
grenades are: outer diameter (OD) = 30.2mm, inner diameter (ID) = 25.2mm, wall thickness (WT) =
2.5mm, Length = 50mm, Initial orifice size = 8mm. Schematics of the sub scale grenades are shown in
Figure 1. Stainless steel is used to facilitate re-use of the sub-scale grenade.

Figure 1. Stainless steel sub scale grenade.

All compositions were consolidated at 611 MPa with a 20 second dwell time and pressed in one
increment and then sealed until use. For the transmittance experiments 5 grams of composition was used
(in duplicates), for the in-vitro screening experiments 10 grams (in triplicates). The compositions were
ignited using a modified E-max Mini igniter as shown in Figure 2. The squib was modified by attaching a
small amount of black powder to the igniter head.

Figure 2. Modified E-max Mini squib.

Smoke performance
The smoke performance was assessed in a smoke chamber by transmittance-based measurements

used to quantify the effectiveness of screening smokes. The extinction coefficient (α), yield (Y) and
density (ρ) are the main factors that determine smoke performance. Yield is the mass aerosolized divided
by the mass of material launched. The performance also depends on the density at which the material can
be packed and how well the material can be dispersed. A Figure of Merit (FOM) is commonly used,
which is directly related to the predicted field performance of the obscuring grenade. The Beer-Lambert
law is used to define the figures of merit FOMmc (mass composition figure of merit), where the
transmittance is related to the starting mass of the composition. In this equation, V is the volume of the
smoke chamber (m3), T is the transmittance, L is the path length (m), ma is the aerolised mass (g), mc is
the composition mass (g). The mass composition Figure of Merit is then written as:
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= · = − · ln = − · ln
So, all that must be known to obtain FOMmc is:

 Pellet mass (mc)
 Chamber volume of the smoke chamber (V)
 Path length of the smoke chamber (L)
 Transmittance (T)

In order to quantitatively assess the amount of smoke produced during the combustion of the
smoke compositions, smoke box tests were performed. Duplicates of the compositions were tested in sub
scale grenades (5 grams pressed) at a relative humidity of 60% and 35%. The smokebox is shown in
Figures 4 and 5. The optics with oscilloscope and the climate control unit are externally connected. The
internal dimensions of the smoke box are 1 x 1 x 2 m (length x width x height), which gives a chamber
volume of 2m3. Temperature and relative humidity are controlled by an external climate control, and
measured before each test.

A beam of light, created with a chopped light bulb and a lens is entering the smoke box from the
left through an optical window. At the end of the optical path (right side of the smoke box, 1 meter path
length) two optical detectors are aligned and mounted. The use of a chopped light source in combination
with a lock-in amplifier permits the use of ac-coupled detector-amplifiers. This avoids problems with
background illumination and also permits measuring signals with very small signal to noise ratio. The
loss in transmission, caused by the presence of the obscuration smoke in the light path, results in a
quantified measure for the smoke formation. A fan is used to ensure the smoke is homogeneously
distributed in the smoke box. On the bottom plate a fixture is mounted to ensure the sub scale grenade
does not move while emitting the smoke.

Figure 4. Smoke box with oscilloscope and climate control externally connected.

Oscilloscope

Smokebox

Climate control

Transmitter

In/Outlet climate control
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Figure 5. Smoke box internal view, adjustable bottom plate was removed in performance experiments to
create volume of 2m3.

In-vitro acute toxicity
In vitro experiments are often advocated as alternatives to testing in animals. Advantages of in

vitro testing in comparison with animal testing are: less complex, cheaper, generally less time consuming,
no or hardly ethical implications. An obvious drawback of in vitro testing is that it is an extreme
simplification of the real situation in humans. Several aspects that contribute to the manifestation of toxic
effects are absent, such as absorption, distribution and excretion. For this study the commercially
available VITROCELL® air-liquid interface system was applied, using A549 cells (human alveolar basal
epithelial cells) as the target cell, and the most robust read-out parameters, metabolic activity measured
via Alamar Blue conversion, and membrane integrity, by measurement of LDH (lactate dehydrogenase)-
release. The A549 cell is easily cultured and very robust when handled in exposure systems.

In vitro toxicity tests were performed with five selected formulations, for which 10 grams was
pressed in the sub scale grenades. Generation of the smoke was performed in the bioaerosol test chamber
at TNO (see figure 6). Sequence of test was randomized in order to minimize the cell batch dependency.
The chamber has a volume of 12 m3 and relative humidity was 60%. The generated smoke was fed from
the (bio)aerosol test chamber into an air-liquid interface system in which human lung cells of the A549
type in culture were exposed for 30 minutes to the undiluted smoke. The main flow was 500 ml/min,
whereas the air flow over the exposure positions was 8 ml/min. The particle size distribution of the
generated aerosols was determined with a GRIMM Dust Monitor. Between experiments, the chamber was
flushed with clean air at a high flow rate. An exposure scheme was set-up for using of the VITROCELL®

system as a standard method for measuring the toxicity of smoke samples:

Transmitter

Fixture

Adjustable bottom plate

Receiver

Fan

In/Outlet climate control

119



a) 30-min exposure at the air-liquid interface
b) 24-h post-exposure incubation in a CO2 incubator (2 ml total medium above the inserts)
c) processing media and cell-lysates
d) performance of cytotoxicity assays.

The relative humidity during the exposures was 60%, the temperature of the medium 37 ºC and that of the
air stream ca. 23 ºC. Under these conditions, exposure to medical air does not lead to cytotoxicity
responses in the cells during the 30-min exposure period.

Figure 6. Experimental test set up for the in vitro toxicity experiments.

After the 30-min exposure the exposed cells were cultured for 24 hours in a stove, to allow
possible toxic effects to manifest themselves. After that, the toxicological read-out parameters, i.e.,
reduction of mitochondrial activity and reduction of cell membrane integrity, were measured. The results
were considered as such, i.e. the acute effect on alveolar cells of the A549-type in culture for a relatively
short exposure time. The schedule was constructed by keeping in mind the  batch-to-batch variation of the
A549 cells. By performing tests with the two/three different compositions on the same batch of cells, the
toxicity ranking of the compositions is likely not to be influenced by this variation.

Full scale experiments
Five full scale test grenades were prepared using the best five formulations from the smoke box

performance test.  Grenades were tested and filmed at M-field at the Edgewood Chemical Biological
Centre to determine an overall evaluation of a scale up effort from the results “as is”. Mixes were
prepared following the same process as at TNO. Mixes were dry blended and placed in the oven overnight
to drive out any moisture. One grenade of each mix was pressed into an end burner can with a 4-hole
vented lid. Grenades were pressed in three increments, totalling 400g of mix with 5g of 511 starter, at
15,000lb dead load, and a 3 second dwell per increment. Head space was measured for each item.
Grenade lids were double seamed and an electric M201 style fuse was attached. Grenades were taken to
M-field and remotely initiated in front of the cloud measurement grid. Each test was recorded using a
video camera.
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Results/Discussion

Smoke performance
The sodium chloride based smoke compositions (15EM0278 to 15EM0291, see Table 1), were

tested in the smoke box, in duplicates, and referenced to the baseline composition 11EM0745 (Table 1)
[1]. The average transmissions from the duplicate tests are presented in Figure 7. The maximum error for
these tests is 6 %. The test were performed with a relative humidity of 60 %, and an average temperature
of 20 oC, which is close to the natural average humidity and temperature in the laboratory.

Figure 7. Smoke production in terms of transmission for the visible and NIR wavelengths of the
obscurant compositions. Test series performed at 20ºC and a relative humidity (RH) of
60%.

The percentage of transmission is converted to a Figure of Merit for the mass of composition by

, and plotted in Figure 8.

Figure 8. FOMmc of the obscurant compositions (Figure of Merit) for the visible and the NIR
wavelengths. Test series performed at 20ºC and a relative humidity (RH) of 60%.
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In the calculations from the mass extinction coefficient (Figure 9) it is assumed that the aerosolized mass
is the mass difference between the original pellet mass of 5 grams minus the residue which is left over
after combustion. From the smoke box tests it is shown that some residue still remains after combustion.
In this assumption all emitted smoke is to be considered aerolized. From this, the smoke concentration in
the smokebox will be considered as the mass emitted from the sub scale grenade divided by the volume of
2m3.

Figure 9. Mass extinction coefficient of the obscurant compositions for the visible and the NIR
wavelengths. Test series performed at 20ºC and a relative humidity (RH) of 60%. It is
assumed that all emitted composition mass is aerolized into smoke.

When comparing the newly developed compositions to the reference baseline composition
11EM0745, it is observed that some of the compositions perform better and some have a lower
performance. The following 8 compositions perform better than the reference (ranked from best to near
reference): 15EM0281, 15EM0289, 15EM0288, 15EM0280, 15EM0291, 15EM0286, 15EM0282, and
15EM0283. These are tested in a second test series at a lower relative humidity of 35%, to determine the
possible hygroscopicity, again referenced to 11EM0745. All compositions still perform better than the
reference at 35% RH, but compared to the performance tests at 60% RH, there is a dependency on
humidity (performance is less at lower RH). See Figure 10, 11 and 12 for the transmission, FOMmc and
mass extinction results at 35% relative humidity.
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Figure 10. Smoke production in terms of transmission for the visible and NIR wavelengths of the
obscurant compositions. Test series performed at 20ºC and a relative humidity (RH) of
35%.

Figure 11. FOMmc of the obscurant compositions (Figure of Merit) for the visible and the NIR
wavelengths. Test series performed at 20ºC and a relative humidity (RH) of 35%.
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Figure 12. Mass extinction coefficient of the obscurant compositions for the visible and the NIR
wavelengths. Test series performed at 20ºC and a relative humidity (RH) of 35%. It is
assumed that all emitted composition mass is aerolized into smoke.

Comparing the performance results from both experimental series (RH 60% and RH 35%) it is
clear that humidity is of influence on the overall performance of the compositions. The compositions
show a lower performance at a lower RH, (a decrease of 20-50%), except for composition 15EM0281,
which shows a more or less similar profile in  both cases (a decrease of only 2-4%). There are 8
compositions showing a better performance than the reference composition 15EM0745 in both test
environments. The best five performing compositions are chosen for in-vitro toxicity determination, these
are: 15EM0281 (best performing with ingredient X), 15EM0282 (best performing with ingredient Y),
15EM0288 (best performing with melamine), 15EM0286 (with ingredient Z) and 15EM0291 (with
KClO3).

In-vitro acute toxicity
The compositions 15EM0281 (A) (best performing with ingredient X), 15EM0282 (B) (best

performing with ingredient Y), 15EM0289 (C) (best performing with melamine), 15EM0286 (E) (with
ingredient Z) and 15EM0291 (D) (with KClO3), were tested in the bioaerosol chamber for acute toxicity.
Also particle size distributions were measured online.

Overall, there was not much difference in the maximum particle number, the time during which
the particle number was at maximum level and the particle size distribution between the various
formulations tested. For most of the formulations the maximum particle number was ca. 4 * 106. The
maximum particle number was mostly reached within 1 minute after ignition of the subscale grenade, and
remained more or less constant for 6-11 min. In all cases the highest particle number was observed for the
smallest fraction, i.e. 0.30 µm. Particles larger than 1.6 µm were only present at very low numbers.

Figure 13 shows the average reduction with standard deviation of the mitochondrial activity of
the A549 cells exposed to (undiluted) smoke generated by ignition of formulations A to E as measured
via conversion of Alamar Blue, in comparison with that of the reference (sea salt) formulation. The
smokes generated from formulations A and B have a comparable effect on the mitochondrial activity of
the exposed lungs cells, which is smaller than that of the smokes generated from formulations C, D and E,
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and also somewhat smaller than that of the sea salt reference smoke. For formulation A a relatively low
toxicity was not expected.

Figure 13. Reduction of mitochondrial activity of lung cells in culture of the A549 type after 30-min
exposure to undiluted smokes generated from formulations A-E, as measured via
conversion of Alamar Blue, as well as that of the sea salt reference. A: 15EM028,
ingredient X, B: 15EM0282, ingredient Y, C: 15EM0289, melamine, D: 15EM0291,
KClO3 and E: 15EM0286, ingredient Z.

All tested formulations generated smoke with comparable particle numbers in the order of 4 * 106

and particle size distributions, with the highest numbers for the smallest characterized particle size of 0.30
µm. The particle number remained more or less constant for 6-11 min, and then slowly decayed.
No statistically significant differences were observed between the various formulations with respect to
reduction of the mitochondrial activity of the 30-min exposed A549 cells. Trend wise, formulations
15EM0281 (containing ingredient X) and 15EM0282 (containing ingredient Y) showed the smallest
adverse effect on these parameters, slightly lower than that of the sea salt reference formulation
11EM0745.

It should be realized that performing a toxicity test with for instance lung cells in an air-liquid
interface system will only provide information on acute toxic effects on the lung cells themselves. In real
life a variety of compounds (including some components present in smokes, such as CO, CO2, HCN, etc.)
will not have a direct effect on the lung cells, but will pass into the blood via the alveoli and may cause
considerable damage somewhere else in the body. Direct exposure of human lung cells to smoke in an air-
liquid interface system may overestimate the toxicity of the smoke. In real life only a small fraction of the
smoke will reach the deeper lungs. Larger particles and droplets will be trapped in the nose and throat,
some compounds will be absorbed for the gaseous phase into the blood in the upper airways. Particles in
the range of 0.5-5 µm are thought to be able to reach the alveoli. These are therefore the compounds of
highest toxicological concern.

Full scale tests
The full scale test performed by ECBC were done on the best five performing compositions from

the smoke box experiments, e.g; 15EM0281 (best performing with ingredient X), 15EM0282 (best
performing with ingredient Y), 15EM0289 (best performing with melamine), 15EM0286 (with ingredient
Z) and 15EM0291 (with KClO3). From observation the compositions showed a nice and even burn, and a
dense persisting smoke cloud. Compositions 15EM0281 (ingredient X) and 15EM0282 (ingredient Y),
showed the best results. Burn time was 73 and 72 seconds, respectively and the measured head space was
0.97 and 0.57, respectively. Also it was noticed that there was minimal residue left over in the cans.
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Conclusion

Comparing the performance results from both experimental series (RH 60% and RH 35%) it is
clear that humidity is of influence on the overall performance of the compositions. The compositions
show a lower performance at a lower RH, (a decrease of 20-50%), except for composition 15EM0281,
which shows a more or less similar profile in  both cases (a decrease of only 2-4%). From the in-vitro
experiments it can be concluded that the smokes generated from formulations 15EM0281 and 15EM0282
show a lower acute toxicity towards the lung cells, compared to that of the smokes generated from the
other formulations, and also less than that of the sea salt reference smoke. From the full scale experiments
formulation 15EM0281 and 15EM0281show the most dense and persistent smokes for the longest burn
time, where the former also shows a large head space. Table 2 shows the ranking of the compositions
after the performance measurements in the smokebox at 60 % RH and 35 %RH, the acute toxicity
experiments in the bioaerosol chamber using in-vitro and the full scale test series.

From this it is concluded to continue the work with formulation 15EM0281 containing ingredient
X and formulation 15EM0282 ingredient Y. Next steps are full scale testing and referencing against
standard used smokes in the military and determining characteristics under different environmental
circumstances. The final step will be to determine the acute toxicity of the best performing formulation
full scale.

Table 2. Ranking the formulations after each experimental series (e.g. performance, acute in-vitro toxicity
and full scale).
EM code Identifier additive wt% Performance at

60% RH
Performance at
35% RH

ranking after
VITROCELL®

Ranking full scale

11EM0745 Baseline sea salt composition 9 9 3 -

15EM0278 Sodium lactate 1 15 - - -

15EM0279 Sodium lactate 2 14 - - -

15EM0280 X 1 4 2 - -

15EM0281 X 2 1 1 1 1

15EM0282 Y 1 7 3 2 2

15EM0283 Y 2 8 4-5-6 - -

15EM0284 Fructose 1 13 - - -

15EM0285 Fructose 2 12 - - -

15EM0286 Z 1 6 7 5 3

15EM0287 Z 2 11 - - -

15EM0288 Melamine 1 3 8 - -

15EM0289 Melamine 2 2 4-5-6 6 4

15EM0290 KClO
3 1 10 - - -

15EM0291 KClO
3 2 5 4-5-6 4 5
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Summary

To enhance the performance of the baseline 11EM0745 [1] composition, a number of new
compositions were investigated. The aim for new ingredients was amongst other, a higher mass extinction
coefficient, better yield and formation of larger particles, while maintaining the safety and toxicity
characteristics of the baseline composition.

The dry formulations were mixed using a LABRAM and the compositions were pressed directly
into the sub-scale grenades. The formulations were ignited using a modified E-max mini squib. The
produced smoke was studied in a 2m3 smoke for transmission in the visible and NIR wavelengths at two
different relative humidity’s and from this FOMmc and mass extinction coefficients were determined. 8
compositions performed better (lower transmission) than the reference.

In vitro toxicity tests in combination with particle size determination were performed on the best
five performing compositions (15EM0281 (best of 2 compositions containing ingredient X), 15EM0282
(best of 2 compositions containing ingredient Y), 15EM0286, 15EM0289 and 15EM0291) in a 12 m3

aerosol chamber to determine intrinsic toxicity, in comparison with the baseline composition 11EM0745,
which was considered to be low toxic in the earlier research [1]. All tested formulations generated smoke
with comparable particle numbers in the order of 4*106 and particle size distributions, with the highest
numbers for the smallest characterized particle size of 0.30 µm. The particle number remained more or
less constant for 6-11 min, and then slowly decayed. Trend wise, formulations 15EM0281 (containing
ingredient X) and 15EM0282 (containing ingredient Y) showed the smallest adverse effect on the
measured parameters, slightly lower than that of the sea salt reference formulation 11EM0745.

For the remainder of the project, work will continue with formulation 15EM0281 (containing
ingredient X) and 15EM0282 (containing ingredient Y2) in view of the performance as a smoke as
determined in the smokebox, the full scale tests as performed by ECBC and the relatively low acute
toxicity for human lung cells in culture as determined in the in-vitro experiments.
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ABSTRACT

We report here on the use of magnesium diboride (MgB2) as a barium-free alternative for the pyrotechnic

generation of green light. Formulations employing KNO3 as the oxidiser, MgB2 as the fuel and various

binders and additives were investigated. Upon combustion the compositions were found to generate the

photochemically-active BO2 radical, which emits green light. Fixing the MgB2 content at 21 wt% gave the

closest dominant wavelength (561.4 nm) to that desired for green illuminants and a spectral purity of

33%. The addition of burning rate modifiers to this system was found to inhibit the formation of the BO2

radical. Exchanging the KNO3 oxidiser for NH4ClO4 increased the spectral purity to 45%. Correlations

between the results of thermodynamic modeling and the experimental data are also reported.

INTRODUCTION

For many years, pyrotechnics producing coloured flames have been used for a variety of

applications including fireworks displays, highway distress flares, and military signaling-illuminant

devices, to name a few. The U.S. Army uses signaling devices to attract attention day or night, and to

serve as beacons for rescuers to identify the position of military personnel. Some of these signaling

devices produce a green signature, with the military recommending that these illuminants exhibit a

dominant wavelength in the range of 540  20 nm.1 The main green-light emitter formed during the

combustion of such compositions is metastable barium(I) chloride (BaCl).2 For this reason, green

illuminant formulations containing barium are accompanied by a chlorine donor such as dechlorane plus.

The barium source is usually incorporated as part of the oxidiser (typically barium nitrate) and many

formulations contain potassium perchlorate as a co-oxidiser. To maximise the intensity of the light output,

the combustion temperature of the formulation is raised through the addition of a high energy fuel such as

Mg or Al.

Despite their utility, the main components currently used in green signal formulations have been

subject to increasing environmental regulations and concerns. This has motivated various reformulation

efforts. For instance, due to tighter environmental regulations, the U.S. Army Armament Research,

Development and Engineering Center (ARDEC) has developed perchlorate-free green-light-emitting

formulations.1,3 This initiative was focused on the use of high-nitrogen-based barium(II) salts and high-

nitrogen additives as energetic potassium perchlorate replacements.3
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Dechlorane plus, an organic chlorine donor, has been shown to bioaccumulate and persist in the

environment for an extended period of time, leading to its replacement with polyvinylchloride.2 However,

there is concern that the combustion of organic chlorine donors leads to the production of significant

amounts of carcinogenic materials such as polychlorinated biphenyls (PCBs), polychlorinated

dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs).4,5 Barium is a heavy metal that

has been targeted for replacement in both military pyrotechnics and civil fireworks because of its

environmental and occupational health hazards.6-8 The elimination of barium from green-light-emitting

formulations would require the use of an alternative green-light emitter.

The combustion of boron is also known to produce green light. In this case, the green-light-

emitting species is the BO2 radical. Boron and boron carbide have been investigated in some detail as

fuels for green-light-emitting pyrotechnics.9-12 However, the use of metal-boride compounds for this

application has hardly been explored.13 Recently, magnesium diboride (MgB2) has been reported as a new

boron-based fuel for use in pyrotechnic infrared decoy flare formulations.14,15 MgB2 has also been

explored as a boron alternative in explosive and propellant jet formulations.16,17 Moreover, MgB2 has been

reported to have higher combustion efficiency than boron in oxygen.18 This is thought to be a

consequence of the magnesium vapour liberated during combustion inhibiting the formation of a boron

oxide passivation layer, which is known to inhibit complete boron combustion.18 Given its favourable

combustion properties, it was decided to investigate the possibility of using MgB2 as the main fuel for the

production of green light in pyrotechnic illuminants.

EXPERIMENTAL SECTION

Material Properties. Magnesium diboride powder was obtained from Alfa Aesar. The specific

surface area (2.30 m2.g-1) was measured with a Quantachrome Instruments Nova 4000e surface area and

pore size analyser. Potassium nitrate, stearic acid and calcium stearate (monohydrate, approximately 10

µm) were purchased from Hummel Croton. Epon 813 and Versamid 140 were purchased from Miller

Stephenson. Polytetrafluoroethylene (PTFE) powder (type FL1650, 17 µm) was obtained from AGC

Chemicals. Military grade ammonium perchlorate (AMP-QSP-047, mean particle size 200 µm) was used.

Preparation of Compositions. Oxidisers were dried in an oven for 18 h at 60 ᵒC prior to

blending and all chemicals were weighed out according to the formulation wt% (Tables 1, 4, 6, and 8),

with 350 g of each mix prepared. The dry compositions were prepared by combining the components in a

conductive container along with three conductive rubber stoppers. The containers were tumbled on a

rotating mill (end-over-end) for 15 minutes at 30 rpm, and then the compositions were passed through a

30 mesh sieve. The mixture and rubber stoppers were returned to the conductive container and tumbled

for a further 15 minutes; a final screening step completed the process.

To prepare the epoxy-based composition, 80/20 Epon 813/ Versamid 140 was added to a Hobart

mixing bowl and was vigorously mixed by hand with a wooden tongue depressor for 1 min. KNO3 was

added and the mixture was blended mechanically with a B-blade for 10 min. The air-driven planetary

mixer was turned off, MgB2 was added, and the mixture was blended for a further 10 min. Then the
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pyrotechnic mixture was transferred to a large ceramic bowl and allowed to air-dry for 2 h before being

consolidated into pellets.

Between 48.0-49.0 g of energetic material was loaded into a kraft cardboard tube (8.00 cm length,

3.15 cm inner diameter) with the aid of a tooling die that held the tube (inner diameter of 3.37 cm). The

powder was consolidated in one increment at a dead load of 4536 kg (57.1 MPa) with a 10 s dwell time.

The resulting pellets were coated with a thermate-based ignitor (as an acetone slurry) and fitted with two

strips of black match.19 Six candles were prepared and tested for each formulation. After coating, all

candles were cured for 16 h in the oven at 60 ᵒC.
Test and Analysis Protocols. Experimental pellet densities as a percentage of the theoretical

maxima (%TMD) were calculated using 2.60, 2.11, 2.30, 1.05, 0.94, 1.95, and 1.11 for the

crystalline/maximum densities of MgB2, KNO3, PTFE, calcium stearate monohydrate, stearic acid,

NH4ClO4, and epoxy binder, respectively.

Optical emissive properties of these formulations were characterised using a single-element

photopic light detector and a 2048-element optical spectrometer. The light detector used was

manufactured by International Light and is composed of a SED 033 silicon detector (33 mm² area silicon

detector with quartz window) coupled to a photopic filter (Y-filter) and a field of view limited hood (H-

hood). The current output of the detector was converted to voltage using a DL Instruments model 1211

transimpedance amplifier. The voltage output was digitised using a NI-9215 National Instruments data

card and in-house developed data acquisition and analysis software (Labview™). The waveforms were

processed mathematically with a median filter to remove voltage oscillations caused by the rapidly

fluctuating flame of the burning sample.

The emissive spectrum of each sample was measured with a 2048-element Ocean Optics

HR2000+ spectrometer coupled to a 400-µm core optical fiber. The average dominant wavelength and

spectral purity were calculated based on the 1931 CIE method using illuminant C as the white reference

point.20 The spectrometer was calibrated using a Hg-Ar light source (Ocean Optics HG-1 wavelength

standard) and a calibrated tungsten light source (Ocean Optics LS-1-Cal radiometric standard).

Thermodynamic Modeling. Thermodynamic equilibrium calculations were performed with

FactSage 6.4 (Thermfact/CRCT and GTT-Technologies).21 The particular databases used were FactPS

and a custom database containing thermodynamic data for calcium stearate monohydrate (C36H72O5Ca),

epoxy (C21H24O4), stearic acid (C18H36O2), and polytetrafluoroethylene (PTFE, C2F4). All calculations

were conducted at a constant pressure of 1 atm with the reactants initially at 298.15 K. The analyses were

performed in adiabatic mode (ΔH = 0). The results consist of predicted adiabatic reaction temperatures

(Tad) and the thermodynamic products at those temperatures.

Sensitiveness Testing. Impact sensitivity tests were performed with a BAM drop hammer.22 A

Chilworth BAM friction apparatus was used for friction sensitivity testing.23 A Safety Management

Services ABL apparatus was used to test for electrostatic discharge (ESD) sensitivity.24 Each composition

was subjected to 10 impact and friction tests, and 20 electrostatic discharge tests. No ignition was

observed.
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RESULTS AND DISCUSSION

Initial Examination of Magnesium Diboride.

To evaluate the use of MgB2 as the main fuel for green illuminants our initial efforts focused on

the binary MgB2/KNO3 fuel/oxidiser system. In addition to fuels and oxidisers, pyrotechnic formulations

usually contain an organic polymer that functions as a binder, holding all of the components together in a

homogenous blend and allowing the compositions to be consolidated into pellets for testing. To limit the

influence that the binder would have on the reaction between the two main components, a binder that is

effective at low weight percentages was sought. PTFE is an excellent lubricant, allowing compositions

containing it to be pressed to very high consolidated densities with minimal loading force.25 Limiting the

PTFE to 3 wt%, the stoichiometry of the MgB2/KNO3 system was varied in 3 wt% intervals, as

summarised in Table 1, from 15-36 wt% MgB2. For testing, six pellets of each formulation were prepared

by consolidating the compositions into cardboard tubes. As the amount of MgB2 increased from 15 wt%

to 36 wt%, there was a steady decrease in the packing efficiency. This may be attributed to the abrasive

nature of MgB2.26

Table 1. Experimental MgB2-KNO3-PTFE Formulations.
Composition A B C D E F G H

MgB2 (wt%) 15 18 21 24 27 30 33 36

KNO3 (wt%) 82 79 76 73 70 67 64 61

C2F4 (wt%) 3 3 3 3 3 3 3 3

Density (g.cm-3) 1.80 1.79 1.76 1.76 1.74 1.74 1.70 1.71

% TMD 82.72 81.96 79.86 79.61 78.04 77.46 75.42 75.52

The performance data obtained from burning the pelletised compositions are presented in Table 2.

All were found to undergo sustained combustion, with six of the formulations yielding green flames.

Combustion of B resulted in the highest spectral purity green light emission. Formulation C exhibited a

hue closest to the dominant wavelength range prescribed by the U.S. Army requirement (540 ± 20 nm);

although, dominant wavelengths greater than 560 nm are still associated with green light. In fact, it has

been reported that the U.S. Army’s current M195 green star parachute signal produces green light with a

dominant wavelength averaging 562 nm.1 The formation of the BO2 radical was confirmed by analysis of

the visible spectrum obtained from combustion of C (Figure 1). The luminous intensity, mass

consumption and linear burning rates were all found to increase with increasing MgB2 wt%.
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Table 2. Performance Data of the MgB2-KNO3-PTFE System.
Composition A B C D E F G H
Burning time (s) 13.81 (0.28) 9.78 (0.30) 7.28 (0.23) 5.66 (0.19) 4.57 (0.39) 4.09 (0.31) 3.35 (0.23) 3.22 (0.39)

Burn rate (mm.s-1) 2.55 (0.05) 3.60 (0.12) 4.94 (0.23) 6.33 (0.15) 8.00 (0.73) 8.94 (0.65) 11.40 (0.82) 11.61 (1.41)

Mass consumption rate (g.s-1) 3.58 (0.07) 5.04 (0.17) 6.76 (0.23) 8.70 (0.28) 10.83 (0.88) 12.10 (0.94) 15.07 (1.13) 15.50 (1.82)

Luminous intensity (cd) 2662

(557.5)

9992

(989.9)

27433

(3612)

42455

(5871)

47253

(8933)

55486

(6106)

80858

(4926)

86685

(13442)

Luminous efficiency (cd.s.g-1) 743.7

(153.8)

1985

(216.3)

4068

(603.7)

4868

(528.8)

4343

(652.1)

4592

(451.9)

5467

(376.3)

5641

(910.0)

Dominant wavelength (nm) 572.7 563.5 561.4 564.0 567.8 569.6 570.5 570.8

Spectral purity (%) 35.2 36.2 33.3 31.9 31.4 32.1 34.4 37.1

Qualitative appearance slight green green green green green-white green-white white white

All data reported are the average of 6 pellets. Standard deviation in parenthesis.

Figure 1: Visible spectrum of composition C. Figure 2: Plot of Tad (blue) and burning rate (red) against
MgB2 wt%.
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To further elucidate how the combustion behavior of the MgB2/KNO3 compositions changes with

varying MgB2 content, equilibrium combustion was modeled using FactSage.21 The program predicts the

adiabatic behavior of the reacting composition using a finite database of possible chemical species and a

free energy minimisation technique to determine the conditions for chemical equilibrium. Although

pyrotechnic combustion reactions do not necessarily occur adiabatically, such predictive thermodynamic

modeling can be used to provide relevant insights into the likely combustion products and aid in

formulation development.27-29 Table 3 shows the theoretical combustion product distribution for

formulations A-H, along with their respective adiabatic flame temperatures (Tad).

Table 3. Calculated adiabatic reaction temperatures, predicted boron containing, and particulate
equilibrium products for the MgB2-KNO3-PTFE system.

Formulation A B C D E F G H

Tad (K) 2532 2956 3047 2929 2315 2309 2305 2288

product phase wt% wt% wt% wt% wt% wt% wt% wt%

KBO2 g 53.40 58.92 59.47 57.77 53.40 50.69 48.04 45.20

BO2 g 0.72 2.04 1.20

B2O3 g 0.17 1.76 6.15 3.80 3.34 2.99 2.47

BO g 0.39 1.03 0.98 0.97 0.97 0.92

(BO)2 g 5.21 5.64 5.95 6.60

OBF g 1.86 3.47 4.33 5.02 4.96 4.89 4.80

BF g 0.12 0.15 0.17 0.22

MgO s 13.12 13.10 11.60 8.75

Mg3B2O6 s 6.64 6.07 5.46 4.89

BN s 4.15 8.33 12.40

The equilibrium calculations predicted the formation of the requisite BO2 radical species for

compositions B-D, with the maximum amount predicted to be produced by C. This corresponds well with

the performance data where composition C exhibited radiation with the lowest dominant wavelength,

561.4 nm. No BO2 formation was predicted for formulations A and formulations E-H. These results are

also reflected by the experimental data where the dominant wavelength was found to increase further, to

nearly 571 nm. However, the burning rates of the formulations did not follow the predicted Tad curve

(Figure 2) but rather increased with increasing MgB2 content. This trend is common for metallic fuels,

where the burning rate is found to be dependent on the thermal conductivity of the formulation30, which in

this case increased with increasing MgB2 content.

The results above demonstrate that MgB2 may be used as the main fuel for the generation of

green light, with compositions B-D showing the most promise. The sensitiveness of these compositions to

various ignition stimuli was examined and all were found to be insensitive to ESD (> 250 mJ), impact (>

31.9 J) and friction (> 360 N). The risk profile of the compositions with respect to accidental ignition

appears to be favourable. Despite this, there are several issues with the performance of the compositions.

Firstly, they exhibit short burning times, which may limit their use in signaling flares (some flares have
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burning times as long as 50 s).3 Secondly, all exhibit relatively low spectral purity. The following sections

describe formulation efforts aimed to gain further insight into these issues.

The Effect of Burning Rate Modifiers.

It has been shown that MgB2 reacts with PTFE in MTV-based formulations.14,15 Thermodynamic

modeling (Table S1) revealed that small amounts of fluorinated combustion products (e.g. MgF, OBF)

were predicted for formulations B-D. Thus, it was decided to replace the PTFE binder with non-energetic

binders in an attempt to reduce the burning rate of the compositions. Having established that formulation

C yielded the dominant wavelength closest to that desired for the generation of a green signature, the

MgB2 content was held at 21 wt% and alternative binders investigated. The Epon 813/Versamid 140

binder system was determined to be a suitable candidate as it has been used in other pyrotechnic

munitions by the U.S. Military and found to promote longer burning times.31 Stearic acid and calcium

stearate monohydrate were also studied, as they have been used as burning rate modifiers in other

pyrotechnic formulations.32,33 Table 4 summarises the properties of the investigated formulations.

Table 4. Experimental MgB2-KNO3-non-energetic
binder formulations.

Formulation I J K

MgB2 (wt%) 21 21 21

KNO3 (wt%) 76 76 76

Epoxy (wt%) 3 - -

Stearic acid (wt%) - 3 -

Ca Stearate mono-hydrate (wt%) - - 3

Density (g.cm-3) 1.76 1.71 1.78

Percentage of TMD 82.44 80.90 83.50

As shown in Table 5, replacement of PTFE with the epoxy binder system (I) resulted in an

increase to the burning time. Use of the burning rate modifiers stearic acid (J) and calcium stearate (K)

resulted in a 75% reduction in the linear burning rate of the pellets. Although incorporation of the non-

energetic binders gave the desired increase in burning time, the production of a visible green signature

was not achieved, with the dominant wavelength shifting well above 570 nm. Thermodynamic modeling

of the formulations revealed that exchanging PTFE for the non-energetic binders not only lowered the

predicted Tad by a minimum of 125 K, but also substantially reduced the amount of BO2 radical predicted

to be produced from 2 wt% to less than 1 wt%.
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Given the lack of success with directly swapping the binders and maintaining the production of

green light, it was decided to examine the use of the burning rate modifiers as additives to formulation C
at the 1 and 2 wt% levels. Table 6 gives the properties of the formulations and Table 7 summarises their

performance. Formulations L and N, containing 1 wt% of either burning rate modifier, gave a green hue

with improved dominant wavelengths (572 nm). This is considerably lower than that achieved when the

burning rate modifiers were employed as the sole binder (J and K, approximately 590 nm, Table 5). A

reduction in the burning rate was still achieved despite the low wt% of the burning rate modifiers and the

use of PTFE as the binder. As expected, increasing the amount of the burning rate modifier to 2 wt% (M
and O) resulted in a further reduction in the burning rate, although this also proved detrimental to the

dominant wavelength (> 575 nm). This trend again corresponds with the predicted BO2 output for the

tested formulations, with L and N predicted to yield greater amounts of BO2 than M and O, respectively

(Table 7). A large amount of smoke was also observed during combustion of these compositions, which is

also likely contributing to the high dominant wavelengths. These results demonstrate that production of

the BO2 radical by the MgB2/KNO3/PTFE system is sensitive to the addition of organic additives.

Table 5. Performance Data of the MgB2-KNO3-Non-Energetic Binder Systems.
Formulation I J K

Tad
a (K) 2922 2859 2830

Predicted BO2 (wt%)a 0.94 0.48 0.59

Burning time (s) 10.52 (0.48) 29.38 (2.56) 27.97 (0.6)

Burn rate (mm.s-1) 3.44 (0.15) 1.25 (0.09) 1.25 (0.04)

Mass consumption rate (g.s-1) 4.73 (0.21) 1.67 (0.14) 1.74 (0.04)

Luminous intensity (cd) 4405 (639.0) 2042 (561.1) 2143 (509.4)

Luminous efficiency (cd.s.g-1) 930.81 (118.2) 1247 (437.3) 1231 (276.9)

Dominant wavelength (nm) 586.4 592.4 589.0

Spectral purity (%) 36.6 44.1 51.3

Qualitative appearance White, smokey White, smokey White, smokey

a) As calculated using FactSage 6.4. All data reported are the average of 6 pellets. Standard

deviation in parenthesis.
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Table 6. MgB2-KNO3-PTFE-Burning Rate Modifier System.
Formulation L M N O

MgB2 (wt%) 21 21 21 21

KNO3 (wt%) 75 74 75 74

Stearic acid (wt%) 1 2 - -

Ca Stearate mono-hydrate (wt%) - - 1 2

C2F4 (wt%) 3 3 3 3

Density (g.cm-3) 1.73 1.77 1.76 1.78

Percentage of TMD 79.80 82.31 80.70 82.86

Table 7. Performance Data of the MgB2-KNO3-PTFE-Burning Rate Modifier System
Formulation L M N O

Tad
a (K) 2998 2885 2996 2880

Predicted BO2 (wt%)a 1.38 0.62 1.39 0.62

Burning time (s) 15.61 (0.73) 23.32 (2.01) 17.54 (0.6) 21.78 (0.6)

Burning rate (mm.s-1) 2.33 (0.12) 1.54 (0.13) 2.04 (0.08) 1.61 (0.05)

Mass consumption rate (g.s-1) 3.14 (0.16) 2.11 (0.18) 2.80 (0.10) 2.25 (0.06)

Luminous intensity (cd) 5094 (639.8) 4447 (279.7) 7249 (1814) 5853 (1323)

Luminous efficiency (cd.s.g-1) 1628 (252.7) 2120 (273.0) 2609 (740.3) 2601 (659.3)

Dominant wavelength (nm) 572.9 576.1 572.8 579.1

Spectral purity (%) 41.0 42.5 42.8 47.5

Qualitative appearance Green, smokey Green, smokey Green, smokey Green, smokey

a) As calculated using FactSage 6.4. All data reported are the average of 6 pellets. Standard deviation in parenthesis.

Efforts to Improve Spectral Purity.

Formulations B-D all burnt green with dominant wavelengths within the desired band, although

the spectral purity was relatively low (< 36 %). The spectral purity of an illuminant flame is influenced by

the concentration of condensed phase products, such as MgO(s), as they radiate as grey body emitters. To

determine if MgO(s) could be responsible for the low spectral purity values, an oxidiser that could reduce,

if not eliminate, this product was sought. Ammonium perchlorate (NH4ClO4) is known to decompose to

give gaseous products, including H2O(g), N2(g), and HCl(g).34a It has been shown that MgO(s) reacts with

HCl(g) in flames to form MgCl2(g), which is volatile at high temperatures.34b The use of NH4ClO4 would

also eliminate the presence of K in the flame. The thermodynamic modeling of formulations B-D revealed

that the K was predicted to form large amounts of KBO2(g), possibly limiting the amount of BO2 that

could be formed in the flame. Accordingly, it was decided to replace the KNO3 in formulations B-D with

NH4ClO4 (Table 8, P-R) to determine the ‘upper’ spectral purity limit that may be obtained with MgB2 as

the fuel.
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Table 8. MgB2-NH4ClO4-PTFE Formulations.
Formulation P Q R

MgB2 (wt%) 18 21 24

NH4ClO4 (wt%) 79 76 73

C2F4 (wt%) 3 3 3

Density (g.cm-3) 1.81 1.79 1.79

Percentage of TMD 88.14 86.64 85.78

The burning behaviours of the aforementioned formulations are summarised in Table 9. The

burning times of the NH4ClO4 compositions were more than 3 times longer than the corresponding KNO3

series (Table 2). As expected, the use of NH4ClO4 resulted in an improvement in the spectral purity of the

system. The dominant wavelength was also found to improve, with these observations being consistent

with the thermodynamic equilibrium data which predicted a markedly increased amount of BO2 being

produced (compare Table 10 P-R with Table 3 B-D). The equilibrium calculations also predict a high

percentage of the Mg will form MgCl2(g), reducing the amount of MgO(s) produced in the flame.

However, flares containing NH4ClO4 are not likely to be fielded given the current environmental

concerns regarding perchlorates.35-38 Nonetheless, these compositions are barium-free and those

containing KNO3 as the oxidiser are also perchlorate-free. The experimental compositions examined in

this study clearly demonstrate the potential of MgB2 as an environmentally benign pyrotechnic fuel for

the generation of green light. The combustion of MgB2 with other oxidisers is currently being investigated

with the goal of increasing spectral purity.

Table 9. Performance Data of the MgB2-NH4ClO4-PTFE Formulation.
Formulation P Q R

Burning time (s) 37.8 (3.12) 27.1 (1.16) 29.10 (2.12)

Burning rate (mm.s-1) 0.94 (0.08) 1.32 (0.06) 1.23 (0.09)

Mass consumption rate (g.s-1) 1.32 (0.06) 1.84 (0.08) 1.71 (0.13)

Luminous intensity (cd) 4492 (99.2) 7830 (911) 12073 (1104)

Luminous efficiency (cd.s.g-1) 3415 (234.5) 4263 (479.8) 7060 (703)

Dominant wavelength (nm) 560.1 560.2 561.0

Spectral purity (%) 46.1 44.9 44.1

Qualitative appearance green, sparky green green

All data reported are the average of 6 pellets. Standard deviation in parenthesis.
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Table 10. Calculated Adiabatic Reaction
Temperatures and Equilibrium Products for the

MgB2-NH4ClO4-PTFE System
Formulation P Q R

Temperature (K) 2950 2964 2939

product phase wt% wt% wt%

HBO2 g 18.72 20.37 21.46

BO2 g 4.20 4.09 3.29

B2O3 g 5.76 8.22 11.45

BO g 0.57 0.93 1.34

OBF g 2.77 3.03 3.34

OBCl g 0.37 0.45 0.54

HBO g 0.14 0.25 0.45

N2 g 9.14 8.89 8.62

O2 g 2.83 1.13 0.29

CO2 g 1.02 0.73 0.46

Cl g 4.09 3.33 2.40

NO g 0.59 0.37 0.18

O g 0.78 0.52 0.24

CO g 1.03 1.22 1.38

Mg g 2.16 3.88 5.99

MgF g 0.32 0.41 0.45

MgF2 g 0.10

MgCl g 1.54 2.13 2.64

MgCl2 g 11.32 11.70 12.22

MgClF g 0.39 0.37 0.34

MgO g 0.74 0.83 0.67

MgOH g 0.77 0.98 1.01

Mg(OH)2 g 0.27 0.23 0.17

HCl g 10.30 9.47 8.74

H2 g 0.31 0.43 0.60

H g 0.10 0.11 0.12

HF g 0.90 0.76 0.62

OH g 2.28 1.71 1.02

H2O g 12.35 10.34 8.09

MgO s 4.15 3.01 1.71

a) Products occurring in amounts of 0.10 wt% or greater are

shown.
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CONCLUSIONS

The objective of this investigation was to evaluate the potential of MgB2 as a ‘green’ fuel for
pyrotechnically-generated green light. The MgB2/KNO3/PTFE system was found to undergo combustion

over a range of MgB2 content from 15-36 wt%. Additionally the MgB2 formulations were found to be

insensitive to various ignition stimuli. Formulation C (21 wt% MgB2) gave the closet dominant

wavelength to that desired for a green-light-emitting illuminant. The burning rate in this series was found

to increase with increasing MgB2 content. Efforts to decrease the burning rate with burning rate modifiers

whilst maintaining the desired dominant wavelength proved elusive. Exchanging the KNO3 oxidiser for

NH4ClO4 resulted in a decrease to the burning rate, and improved spectral purity of the system. The

improvement in the spectral characteristics is thought to be a result of the decreased particulates produced

in the flame and the predicted increase in the generation of the requisite BO2 radical. Correlation between

thermodynamic modeling of the formulations with the experimental results was also observed. In

summary, these results demonstrate the potential of using MgB2 as the main fuel in green-light-emitting

pyrotechnic formulations.

Notes

This document has been approved by the U.S. and Australian Governments for public release; distribution

is unlimited.

ABBREVIATIONS
ARDEC, Armament Research, Development and Engineering Center; BAM, Bundesanstalt für

Materialforschung und -prüfung; ESD, electrostatic discharge; PTFE, Polytetrafluoroethylene,

RDECOM, Research, Development and Engineering Command; SEM, scanning electron microscope; Tad,

calculated adiabatic reaction temperature; %TMD, consolidated density as a percentage of theoretical

maximum density; wt% weight percentage; XRD, X-ray diffraction.
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ABSTRACT

Pyrotechnical smoke formulations are predominantly used in the military sector for obscuring or signaling
purposes.  The burning of such formulations results not only in the contamination of the environment with
potential dangerous or toxic materials, but also involves a relatively low efficiency regarding the total
amount of produced aerosol. In the past few years certain highly toxic anthraquinone dyes, e.g.
benzanthrone and vat yellow 4 were replaced successfully by solvent yellow 33 (SY33). In the case of the
M18 green smoke formulation, consisting of two dyes SY33 and solvent green 3 (SG3), the available
toxicity database is inadequate to assess the potential health risk of exposure to these smokes and for
recommending exposure guidance levels. Additionally the efficiency of previously mentioned smoke
formulations can be assumed to be relatively low since the sugar/KClO3 pair constitutes a large
proportion of the composition, e.g. the efficiency of the US Army´s in service M83 TA white smoke
grenade is only 30%. To tackle this problem, we designed several new blue and green smoke
formulations containing 5-aminotetrazole (5-AT) as gas generator to increase the efficiency. Maintaining
the environmental risks in an acceptable range, we applied copper (II) phthalocyanine (CuPc) for blue and
a 1:1 mixture of CuPc with SY33 for green formulations. A self-developed aerosol collecting setup was
used to confirm this attempt.

Introduction

Pyrotechnical smoke compositions play an important role in today´s warfare. To keep up with more
complex operation scenarios, the military forces have to be provided with suitable materials with better
performance not neglecting the potential health risks for soldiers. Regarding the huge diversity of
application purposes, the authors will focus on obscurants and signaling munitions.1 Obscurants, for
example, serve for screening, blinding, deception and training purposes.2 An obscurant device creates an
aerosol cloud brought into the line of sight between the observer and the target. This tactical advantage
can be used to hide or to change position on the battlefield. Colored smoke compositions however are
used for both ground and ground-to-air signaling. These formulations usually consist of an oxidizer, fuel,
coolant, the dye and additives. The oxidizer/fuel pair generates heat which is needed to vaporize the dye.
Coolants are used to keep the reaction temperature in the preferred operation range and prevent the dye
from being destroyed. Other additives may be used to improve mechanical stability of the pellet or adjust
the burning behavior. The big benefit of smoke signals is the high visibility over greater distances when
employed against a terrain background of contrasting color.3 Smoke is therefore valuable for marking unit
flanks, positions of lead elements, locations of targets, drop zones, tactical landing areas, and medical
evacuation landing sites. Whereas white obscurants have been studied extensively for decades regarding
their yield and optical performance, there is a lack of information about colored smoke formulations.4,5 In
this context, the term “yield” describes the quotient between the total amount of aerosol (including
combustion products, water, dye) divided by the pyrotechnical payload.
In the case of the M18 yellow smoke grenade, there is no information provided about the yield. Regarding
the composition itself, it is assumed to be relatively low since the oxidizer/fuel pair constitutes a large
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proportion of the composition.6 To face this issue, we designed a cheap and easy laboratory-scale aerosol
collecting setup, which gives better inside in the performance regarding the yield factor. The collected
aerosol was further analyzed to calculate the percentage of dye in the aerosol. To obtain a higher degree
of dispersion, the authors applied 5-aminotetrazole (5-AT) as additional gas generator.
In the past few years, the major focus was to tackle the toxicity problems which comes along with the use
of anthraquinone based dyes, like Disperse Red 9, Vat Yellow 4 or Disperse Blue 180 (Figure 1).7,8

Figure 1: List of already replaced dyes in the U.S. army9-12

Some representatives of this substance class have been reported as toxic and carcinogenic substances. The
toxicity is mainly influenced by the substituents and their position on the tricyclic molecular skeleton.
Especially the position of the hydroxyl group on the molecule is important for the toxicity. The majority
of the anthraquinone dyes that give active response in the Ames mutagenity test contain amino, nitro or
hydroxyl moieties.13,14 To address the need for more environmentally friendly compositions, the authors
developed anthraquinone-free formulations and combined them with the Solvent Yellow 33 system
published by Moretti et al.8 In the Solvent Yellow 33 system potassium chlorate/sucrose is the
oxidizer/fuel pair, magnesium carbonate hydroxide pentahydrate (MCHP) is the coolant, SY33 is the dye
and stearic acid is used as additive. Copper (II) phthalocyanine (CuPc) showed the best results for blue
formulations, a 1:1 mixture of CuPc and Solvent Yellow 33 (SY33) performed best producing green
colored smoke (Figure 2).

Figure 2: Solvent Yellow 33 (left) and Copper (II) phthalocyanine (right)

This paper describes the developed laboratory scale aerosol collecting setup and reports the increased
efficiency by adding gas generators to blue and a new green smoke formulation. The percentage of dye in
the aerosol was determined by ICP-AES. All formulations were investigated regarding their combustion
behavior as well as their energetic and thermal properties. Optical measurements were performed using a
smoke chamber.
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Experimental section

Materials. Potassium chlorate (≥99%), sucrose (≥99%), sodium hydrogen carbonate, Solvent Yellow
33 (95%) and magnesium carbonate hydroxide pentahydrate were purchased from Sigma-Aldrich. 5-
Aminotetrazole (98%) was purchased from abcr chemicals. Stearic acid was purchased from Grüssing
GmbH. Copper (II) phthalocyanine (approx. 95%) was purchased from ACROS Organics.
For initial testing, small mixtures (2 g) were carefully mixed manually for 5 min in a mortar by
combining the dry compounds. If those tests were successful, bigger mixtures (40 g) were prepared by
combining the dry components in a cylindrical rubber barrel and rolling for 120 min. The rotatory rock
tumbler (model 67631) was built by “Chicago Electric power tools” and operated with steel balls. To
remove any clumps, the compositions were passed through a 800 μm screen. 2 g of this so prepared
composition were pressed into a cylindrical steel compartment (diameter 2.0 cm), with the aid of a tooling
die and a hydraulic press. The used consolidation dead load of 2000 kg was applied for 3 s, if not stated
otherwise. These pellets were used for the aerosol determination and the optical measurements. For each
composition, five pellets were tested and the results were averaged.
An electrical resistance wire (“Kanthal”, 0.6 mm diameter, 5.25 Ohm/m) was used to ignite the pellets.
Burn rate. Compositions were pressed into cardboard tube for burning rate studies. The cardboard rolls,
cylindrical and open on both ends, had a 2.50 cm inner diameter, 4.0 cm height, and a 1.6 mm wall
thickness. The compositions (10 g) were pressed with a consolidation dead load of 2000 kg for 10s. The
pellets were ignited at the bottom using a bended electrically heated “Kanthal A1” (FeCrAl) wire.
Digital video recordings were used to determine burning times. The length of the pellets was divided by
the burning times to obtain the linear burning rates.
Optical measurements. Optical measurements were performed in a 80 cm x 80 cm x 180 cm smoke
chamber, which was designed by Poret and suggested by Shaw (Figure 3).15 The pellets were placed on
and ignited by a bended electrically heated  “Kanthal wire”. A broadband light source (halogen lamp 75
W) combined with a spectrometer (“Ocean optics USB4000”) as detector (“Toshiba TCD1304AP (3648-
element linear silicon CCD array)”) was used as experimental setup (see Figure 3) to determine
transmittance as a function of wavelength in the visible spectrum. The aspheric condenser lens (Edmund
Optics, “75 mm Diameter x 50 mm FL”) is used for the parallel adjustment of the scattered radiation of
the light source. The aligned light passes through the glass windows, the chamber, the ND filter and is
detected by the spectrometer. The ND filter is used to reduce the incoming intensity to the spectrometers
operating range. But it is also possible to reduce the incoming intensity manually by changing the angle
of the optical fibre.

Figure 3: Setup for optical measurement designed by Poret and suggested by Shaw15

To compare different obscurant formulations of the same pellet size to each other, the mass-based
composition figure of merit (FMm) is used. Shaw et al. described these smoke metrics in his 2014 IPS
Paper (supporting information) by using an equation based on the Lambert-Beer law, however it is also
possible to obtain the FMm from a very simple chamber.15 All that must be known is: pellet mass, chamber
volume, path length of the light and the transmittance (Equation 1).
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Equation 1: Mass based composition figure of merit (FMm)

FMm= 	 ∙ = ∙ 		∙ ∙ = 	 ∙ ∙
Annotation: α = extinction coefficient, Y = yield factor, mc = mass aerosol, mc = mass composition, α = extinction coefficient, V

= volume of the chamber, T = transmittance, L = pathway of the light beam.

At the beginning of each measurement, a spectrum of the empty chamber was recorded. Afterwards the
pellet was ignited and the smoke was vented in the chamber until it was equilibrated. The point of
equilibration was indicated by a constant, not further decreasing transmittance value. At this point, the fan
was turned off and a spectrum in the visible region was recorded at the equilibrium state and every 20 s
for the next 6 min. The wavelength at 678 nm was chosen for FMm calculation as this is the literature
known maximum absorption of CuPc in the blue smoke formulations. FMm was calculated by averaging
the values at 678 nm over 6 min for the transmittance. In the case of the green smoke formulations, the
values at 555 nm, the wavelength of peak photopic response of the human eye, was used for calculation of
FMm.
Aerosol collecting setup. The compartment of the aerosol collecting setup is a tin can (11 cm diameter,
20 cm height) with a plug-in type seperable connector (Figure 4, Figure 5). The cap is a tin loop with a
centered hole (8 cm diameter) which fixes a LLG-Plain disc filter (diameter 15 cm).

Figure 4: Scheme aerosol collecting setup

The gap between the overlapping filter paper, the cap and the can is sealed by an adhesive tape. The
removeable platform inside is attached to a frame for better handling.

Figure 5: Aerosol collecting setup 1

A carved glass bowl is placed at the platform and contains a lowered bended Kanthal A1 (FeCrAl) wire
for ignition (Figure 6). The pellet is placed on top of the wire. Due to the lowered wire, the pellet is
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fenced by the glass bowl edge and cannot get out of place. The bended wire is connected to the plug-in
connectors via electrical wires and to an elcetrical source outside the tin compartment.

Figure 6: Aerosol collecting setup 2

The idea was to ignite the smoke pellet inside the can with closed and sealed cap. The gaseous products
should leave through the filter disc which at the same time keeps the smoke particles inside, theoretically
the whole residue drops through the bended wire to the ground of the glass bowl. With this setup, the total
amount of produced aerosol can be easily determined by subtracting of the remaining residue
(Equation 2).

Equation 2: Calculation aerosol	 = 	 ∆ 	 − − ∆ ( − ( )	
Regarding the fact, that not all collected aerosol is the dispersed dye, further analysis were done. To
quantify the percentage of blue dye in the aerosol, ICP-AES was the method of choice.
Sensitivity measurements. The impact and friction sensitivity was determined using a BAM
drophammer and a BAM friction tester. The sensitivities of the compounds are indicated according to the
UN Recommendations on the Transport of Dangerous Goods (+): impact: insensitive >40 J, less sensitive
>35 J, sensitive >4 J, very sensitive 4< J; friction: insensitive >360 N, less sensitive = 360 N, sensitive
<360 N>80 N, very sensitive <80 N, extreme sensitive <10 N.
Thermal stability measurements. Decomposition points were measured with a OZM Research DTA
552-Ex Differential Thermal Analyzer. Measurements were performed at a heating rate of 5 °C/min.

Results and Discussion

1. Blue smoke formulations based on copper (II) phthalocyanine (CuPc)
The known toxicity issues with Disperse Blue 180 lead to the idea of developing a more environmentally
friendly composition without anthraquinone based dyes. Literature research revealed CuPc, a non-toxic/-
mutagenic/-carcinogenic dye used for food packaging. The ß-modification is used as the cyan standard in
the 3 color printing ink (C.I.Pigment Blue 15:3) and it is almost insoluble in water. Shimizu and Ledgard
reported similar blue smoke formulations consisting of potassium chlorate (32.1 wt%), milk sugar (26.2
wt%), rice starch (2.9 wt%) and CuPc (38.8 wt%).16,17 Chakraborty reported a formulation containing
potassium chlorate (20.0 wt%), lactose (18.0 wt%), CuPc (60.0 wt%) and magnesium carbonate (2.0
wt%).18 Unfortunately this formulation did not work on a 2 g scale. Even after varying the oxidizer
(ammonium nitrate, ammonium dinitramide) it did not work. So the dye was applied to Moretti´s Solvent
Yellow 33 system with variable amounts of 5-AT to increase the efficiency (Table 1).8 It was very
important to keep the burning temperature below 350 °C as this is the dyes point of self-ignition.19 Fuels
like boron or azodicarbonamide provided too high temperatures and are therefore not suitable for these
low temperature formulations.

Formulations using the dye CuPc were investigated and the content is shown in Table 1. All formulations
B1 - B4 produced blue smoke with comparable smoke thickness and volume (Figure 7).
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To prevent the production of a naked flame, the amount of coolant was increased in formulations B1 - B4.
The oxidizer content is varying from 26.0 - 27.4 wt%, sucrose from 12.0 - 16.5 wt% and 5-AT from 7.0 -
10.6 wt%.

Table 1: Blue composition B1 - B4
KClO3

[wt%]
Sucrose
[wt%]

MCHP
[wt%]

Stearic acid
[wt%]

5-AT
[wt%]

CuPc
[wt%]

B1 26.0 14.5 14.0 1.0 7.0 37.5
B2 26.0 16.5 12.0 1.0 7.0 37.5
B3 27.4 14.2 11.8 1.0 8.8 36.8
B4 26.9 12.0 13.5 1.0 10.6 36.0

Figure 7: B1 before (left) and after (right) ignition

The burn times of B1 - B4 are in the range of 15 - 26 s with B4 showing the fastest burning (Table 2:
Properties of B1 - B4. The burn rates therefore show the same trend. Formulations B1 - B4 are
insensitive towards friction and only B3 is moderate sensitive towards impact. Regarding the
decomposition temperatures, all formulations showed a melting-decomposition transition between 149 °C
to 153 °C.

Table 2: Properties of B1 - B4
Burn time

[s]
Burn rate

[gs-1]
Impact

[J]
Friction

[N]
Tdec

[°C]
B1 19 0.526 40 >360 149
B2 26 0.385 40 >360 148
B3 20 0.500 30 >360 153
B4 17 0.588 40 >360 152

The total amount of produced aerosol is shown in Table 3. The values are averaged over at least five
pellets, standard deviation (SD) (supporting information) and relative humidity (RH) are listed, too. The
performance of hygroscopic compounds is heavily influenced by the humidity. An increased humidity
results in a higher yield. For comparison reasons, the measurements have to be accompanied by the RH
value since even minor hygroscopic combustion products may have an effect.20
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Figure 8: B1 Transmittance (%) - wavelength [nm] for 6 min

Figure 8 shows an extract of the transmittance (%) as a function of wavelength in the visible spectrum of
B1. For clearness reasons the number of depicted functions was limited to one function per minute, the
function of the empty chamber was cut off, too. The visible part of the spectrum depicted (380 - 750 nm)
shows two peaks at approximately 540 nm and 711 nm. The vertical line at 678 nm marks the literature
known maximum absorption of CuPc. Following the expected trend, the transmission values decrease to
the lowest values at the time of starting the measurement (t = 0 s) and constantly increase with additional
time. After 6 min of recording spectra, the experiment was stopped.

Table 3: Quantification of B1 - B4
RHa Yb SD(Y)c

B1 24.4 13.7 1.4
B2 18.3 16.0 2.6
B3 26.0 10.5 5.4
B4 28.2 14.4 2.1

Annotation: a = relative humidity [%]; b = Yield (Mass of aerosol/mass of pellet)[%]; mass of pellet = 1.8 - 2.3g; c
= standard deviation.

B1 and B2 are compared to each other since they only differ in the sucrose/coolant ratio. B2, having more
sucrose and less MCHP than B1, showed a higher yield while measured at lower RH values. The
observations are in agreement with the idea of increasing the yield by introducing more gas generators. In
B3 the amount of sucrose was reduced and compensated by a higher 5-AT percentage compared to B2.
The amount of potassium chlorate was increased and the percentage of used dye was slightly reduced,
too. In this case, the authors did not observe an increase of dispersed aerosol, quite contrary a decrease
which is higher than the amount of reduced dye was observed. B4 produced the second highest amount of
aerosol in this series having the highest amount of 5-AT and the lowest amount of dye. This may have
several reasons. B4 has less sucrose which not only serves as a gas generator, but also produces solid
combustion products like soot. The reduction of sucrose in B4 therefore diminishes the yield and at the
same time cannot be compensated by adding more 5-AT. The main combustion product of 5-AT is
nitrogen gas, which is applied to increase the yield by producing more gaseous products and do not
produce solid combustion materials.

To study the effect of dramatically increased amount of fuels, some formulations based on potassium
chlorate (30.0 wt%), sucrose (21.5 wt%), MCHP (8.0 wt%), stearic acid (3.0 wt%), 5-AT (10.0 wt%) and
CuPc (27.5 wt%) were developed using an overall amount of fuel (sucrose and 5-AT) between 31.5 - 46.5
wt% compared to the 26.2 wt% Shimizu used. The amount of 5-AT was increased step-wise by 5.0 wt%
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from 10.0 wt% up to 25.0 wt% with at the same time reducing the amount of used dye. Unfortunately the
color purity and smoke thickness of these formulations decreased too far to be considered for further
investigations.

2. Green smoke formulations based on CuPc and Solvent Yellow 33 (SY33)

Since the blue formulations B1 - B4 by now were developed using Moretti´s Solvent Yellow 33 system,
the next step was to combine CuPc and Solvent Yellow 33 (SY33) according to the subtractive color
mixing scheme to obtain green smoke.21 Unlike pyrotechnic flares which rely on the spectrum emitted to
determine color, colored smokes are generated from the light spectrum absorbed by the particles
suspended in the air.22 The absence of colored particles is white and the presence of all primary colors
(cyan, magenta and yellow) is black. The presence of only two of them, cyan and yellow colored dyes,
results in green smoke as shown in the experiments. Similar approaches were done by combining the dyes
curcumin and (-) riboflavin, resulting in poor performance regarding the smoke color, smoke volume and
smoke thickness. SY33 is a literature known, non-toxic quinophthalone dye allowed to be used as food
additive in the European Union (EU).23 Moretti et al. reported 2013 the successful prototype testing of a
novel yellow smoke formulation based on the environmentally benign dye SY33.8 The older, in-use U.S.
army green smoke formulation consists of potassium chlorate (24.5 wt%), sucrose (16.5 wt%),
magnesium carbonate monohydrate (17.0 wt%), SY33 (12.5 wt%) and Solvent Green 3 (SG3)
(29.5 wt%).24 The green dye, SG3 or 1,4-Bis(p-tolylamino)anthraquinone, is an anthraquinone based dye
used e.g. in the M18 smoke grenade.

Formulations using both dyes CuPc and SY33 were investigated and the content is shown in Table 4 and
Table 5. All formulations G1 - G8 produced green smoke with comparable smoke thickness and volume
(Figure 9).

Formulations G1 - G8 were developed to compare the effect of varying amounts of 5-AT to the efficiency
and provide an alternative green smoke producing system. In G1 - G8 the amount of coolant (sodium
hydrogen carbonate) was decreased with respect to the U.S. army M18 green smoke formulation. The
oxidizer content is varying from 28.5 - 34.5 wt%, sucrose from 13.5 - 21.5 wt% and 5-AT from 0.0 -
10.0 wt%.

Table 4: Green smoke formulation G1 - G7
KClO3

[wt%]
Sucrose
[wt%]

NaHCO3

[wt%]
Stearic

acid
[wt%]

5-AT
[wt%]

CuPc
[wt%]

SY33
[wt%]

G1 32.5 21.5 8.0 1.0 0 18.5 18.5
G2 30.5 21.5 10.0 1.0 0 18.5 18.5
G3 28.5 21.5 12.0 1.0 0 18.5 18.5
G4 34.5 19.5 6.0 1.0 2.0 18.5 18.5
G5 32.5 17.5 8.0 1.0 4.0 18.5 18.5
G6 30.5 15.5 10.0 1.0 6.0 18.5 18.5
G7 28.5 13.5 12.0 1.0 8.0 18.5 18.5

Formulation G8 contains the overall highest amount of fuel used in the series G1 - G8 with 31.4 wt% in
total. The coolant used is magnesium carbonate hydroxide pentahydrate (MCHP) which is a weaker
coolant in comparison to sodium bicarbonate. The amount of used dye is significantly lower than in G1 -
G7.
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Table 5: Green composition G8
KClO3

[wt%]
Sucrose
[wt%]

MCHP
[wt%]

Stearic
acid

[wt%]

5-AT
[wt%]

CuPc
[wt%]

SY33
[wt%]

G8 32.0 21.4 8.0 1.0 10.0 13.8 13.8

Figure 9: Burning of G8 before (left) and after ignition (right)

The burn times of formulation G1 - G8 are in the range of 16 - 46s, with G8 showing the shortest one
(Table 6: Properties of G1 - G8). The calculated burn rates are in the range of 0.303 gs-1 to 0.909 gs-1. G1 -
G3 are insensitive towards impact, G4 - G6 are less sensitive towards friction and G7/G8 are
characterized as sensitive. The prepared formulations G1 - G8 are insensitive towards friction and show
melting-decomposition transitions in the range of 145 - 202 °C with G5 showing the lowest one.

Table 6: Properties of G1 - G8
Burn time

[s]
Burn rate

[gs-1]
Impact

[J]
Friction

[N]
Tdec

[°C]
G1 22 0.455 40 >360 202
G2 11 0.909 40 >360 170
G3 26 0.385 40 >360 174
G4 20 0.455 35 >360 167
G5 18 0.556 35 >360 145
G6 23 0.435 35 >360 170
G7 33 0.303 25 >360 165
G8 13 0.769 25 >360 171

Figure 10 shows the transmittance (%) as a function of wavelength spectrum of G8. For clearness reasons
the number of depicted functions was limited to one function per minute. Since we were not interested in
the NIR region, only the visible part of the spectrum is depicted (380 - 750 nm). The vertical lines at 439
nm (SY33) and 678 nm (CuPc) marks the literature known maximum absorption of the two dyes. The
third vertical line at 555 nm is the peak of highest sensitivity of the human eye during daylight and was
therefore chosen for the FMm calculation. The function with the lowest transmittance value at the bottom
describes the behavior of the smoke after ignition and equilibration (t = 0 s). From the bottom to the top
the next functions are 120 s, 180 s, 240 s, 300 s and 360 s (approximately 70% transmittance at 555 nm).
The function at the very top shows the empty chamber before igniting the pellet.
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Figure 10: G8 Transmittance (%) - wavelength [nm] for 6 min

In the case of obscurants, the calculation of FMm is a widely accepted method to compare the
performance of different formulations to each other (supporting information).15 The calculation takes the
total amount of produced aerosol, the molar extinction coefficient and a certain time period into account.
The authors calculated the FMm the first time for colored formulations G1 - G8 and compared the values
to the optical performance and the determined amount of CuPc. According to these FMm values,
formulations G1/G7 performed best and G8 performed worst (Table 7). G2 - G6 are in the range of 0.351
to 0.486. As there are no other literature known values for FMm of colored smoke formulations, the
authors decided to verify the results and determined the yield and the CuPc content in the aerosol
separately.

Table 7: FMm calculation
FMm

a SDb

G1 0.835 0.084
G2 0.351 0.010
G3 0.392 0.023
G4 0.486 0.077
G5 0.424 0.059
G6 0.418 0.088
G7 0.861 0.058
G8 0.295 0.005

Annotation: a = mass-based composition figure of merit; b = standard deviation.

The yield of formulation G1 - G8 was determined using the self-developed aerosol collecting setup
(experimental part) (Table 8). The yield is the quotient of the total amount of produced aerosol and the
pyrotechnical payload. As the total amount of aerosol does not distinguish between combustion products,
like soot, water or the dye, a more precise method was applied to determine the amount of dispersed dye.
In contrast to white obscuring smokes where other combustion products like soot have a positive effect on
the shielding effect, it is not favoured for colored smoke formulations. Large amounts of white
combustion products can weaken the color purity and falsify the color impression which is a major
concern with visible signalling devices. Since CuPc is a salt, we determined the copper content in the
collected aerosol using “inductively coupled plasma atomic emission spectroscopy (ICP-AES) to
calculate the percentage of dispersed blue dye. The authors will call this the transfer rate.
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Table 8: Quantification of aerosol G1 - G8
RHa Yb SDc (Y) Cu contentd

G1 25.8 15.2 2.9 38.0
G2 26.1 10.6 2.3 24.3
G3 24.7 7.9 2.6 24.1
G4 25.2 9.9 1.8 26.6
G5 31.5 15.0 2.6 26.9
G6 34.0 13.0 1.5 20.6
G7 34.0 6.6 1.0 15.0
G8 27.0 21.5 1.4 59.8

Annotation: a = relative humidity [%]; b = Yield (Mass of aerosol/mass of pellet)[wt%]; mass of pellet = 1.8 - 2.3g;
c = standard deviation; d = determined via ICP-AES [%].

The effect of changing the oxidizer/coolant ratio can be seen in G1 - G3. All three formulations do not
contain any 5-AT and therefore served as baseline for formulations G4 - G8. With a decreasing
oxidizer/coolant ratio, the total amount of produced aerosol decreased, too. The effect of possible
hygroscopic combustion products can be neglected as the RH values are almost identical. G1 produced
the largest amount of total aerosol with a calculated 38 wt% transfer rate of CuPc.
G4 contains more oxidizer, less coolant and for the first time 5-AT (2 wt%) as additional gas generator
compared to G1. The yield and calculated Cu content is better than G3, but worse than G1.
In G5 - G7 the amount of 5-AT was increased stepwise up to 8 wt%, while the amount of sucrose was
reduced. The oxidizer/coolant ratio decreased, too.
Regarding the yield, G5 performed better than G2/G3 and similar to G1, but shows a lower transfer rate
than G1. An explanation is the increased RH value compared to the G1 measurement. Even weak
hygroscopic materials may have a positive effect on the yield and lead to a reduced calculated transfer
rate. The results of G5 - G7 showed, that a decreasing oxidizer/coolant ratio and at the same time
increasing amount of 5-AT do not result in a better performance regarding the yield or transfer rate of
CuPc.

G8 is one example of a series of good performing formulations using MCHP, which is a weaker coolant
compared to sodium hydrogen carbonate and was used by Moretti et al. earlier.6 G8 was measured at
almost identical RH conditions like G1 and shows both a higher yield (6 wt% higher) as well as a
dramatically increased transfer rate (22 wt% higher) of CuPc. G8 dispersed more dye than any of
formulations G1 - G7 while having 5 wt% less CuPc in the pyrotechnical payload.

Figure 11: Comparison of CuPc transfer rates

Figure 11 compares the amount of CuPc in 2 g pellets to the calculated amount of CuPc in the aerosol. As
discussed, G8 has the highest transfer rate. According to our results, it is possible to increase the amount
of dispersed dye by adding gas generators in the case of our developed green smoke formulations. In the
case of G8, the reduction of CuPc was more than compensated by increasing the amount of 5-AT.
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Summary and Conclusions

In summary, the authors have developed new blue and green smoke formulations applying 5-AT as
additional gas generator. The yield and the ICP-AES measurements of G8 proofed a higher degree of
dispersion for CuPc compared to 5-AT free formulations. To determine the yield of our formulations, the
authors developed a cheap and easy laboratory-scale aerosol collecting setup. This prototype setup is
adjusted for low-temperature formulations and gives the yield with repeatedly standard deviations in the
range of 1.0 - 5.4 %. The optical performance for selected formulations was characterized by measuring
the transmittance as a function of wavelength in the visible region. The FMm calculations, which are
generally used for white obscurants, were calculated the first time for colored smoke formulations and
were found not to be a proper tool to evaluate the performance. In the case of green smoke formulations
the authors successfully replaced SG3, an anthraquinone based dye by more environmentally benign dyes
CuPc and SY33. These formulations can serve as alternatives to the in-use U.S. army M18 green smoke.
All used materials can be readily purchased and do not pose environmental risks (e.g. long-term
degradation). The burn rate tests show the compatibility with cardboard tubes casing, which is
advantageous in terms of biodegradability, cost and reducing the carry-on weight for soldiers. The low
sensitivity towards physical stimuli is a promising fact for safe handling and manufacturing.
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ABSTRACT

The generation of a high quality blue pyrotechnic flame has been a challenge since decades.
According to some researches, the main problem in pyrotechnics is the lack of high temperature
emitters, and the situation becomes even more difficult when it deals with the emitters of blue
flames. To produce blue flame colors, mostly copper and chlorine containing compounds are used
to generate the blue light emitting species CuCl. However, chlorinated organic products, which are
formed during the combustion process, are believed to be quite toxic. Therefore, Copper(I) bromide
was investigated as an alternative emitter for blue flame pyrotechnic compositions.

Introduction

The generation of blue colored flames in pyrotechnics is very challenging. Blue flame colors are
obtained by using copper or copper-containing compounds, which in the presence of a chlorine
source, produce the blue-emitting species copper(I) chloride (CuCl). This light-emitting species is
currently believed to be the best emitter in the blue region of the visible spectrum, ranging from
435 to 480 nm. A series of bands in the region from 428 to 452 nm with additional peaks between
476–488 nm are obtained from this molecular species.[1, 2]

It is also known that halogens are used as flame color enhancers. They react with metal atoms in
the flame to form diatomic molecules, which when excited by high flame temperature produce
useful emissions in the visible spectral region[3]. Chlorine is mostly used for this purpose for
several reasons: (i) it is already present in strong and popular pyrotechnic oxidizers such as
chlorates and perchlorates; (ii) the emitters (SrCl, BaCl, CuCl, CaCl) produce excellent emissions
for colored flames and they are compatible for obtaining intermediate colors like purple or greenish
yellow[3, 4, 5]; (iii) chlorine oxo-salts and chlorinated organics and polymers are abundant and cheap
in comparison with other halogens. However, there are a few drawbacks as well. Chlorinated
organic combustion products are believed to be quite toxic[6]; therefore, research of replacements or
alternatives is quite significant these days[6, 7-10]. In fact, there is a chance that some other halogen
species might produce useful emissions when the parameters are right.
Recently, copper (I) iodide has been described as a potential “green” blue light emitter for
perchlorate-free compositions.[11] These compositions are based on copper iodate, guanidinium
nitrate, and magnesium pyrotechnic system. The main drawback is a low burning rate of the
compositions. In turn they produce ash when burned and a blue flame of low intensity. It was
hypothesized that copper (I) bromide (CuBr) might be a good emitter for pyrotechnics. According
to Douda and Hardt[12, 13], CuBr produces emissions in the blue region as well as Copper (I)
chloride (CuCl). The maxima are located at 434 nm and 488 nm[13]. Bromates are known to be
somewhat strong oxidizers like chlorates. This lead to a hypothesis, that pyrotechnic composition
containing copper and bromate salt might be capable of producing blue flame with good burning
characteristics.
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Copper (II) bromate was synthesized and characterized. The oxidizing properties were analyzed by
burning basic compositions with organic fuel, following by tuning the compositions for best
performance in terms of burning rate, colored flame production and minimum residue formation.

Experimental Section

CAUTION! The mixtures described herein are potential explosives, which are sensitive to
environmental stimuli, such as impact, friction, heat, and electrostatic discharge. Although we
encountered no problems in the handling of these materials, appropriate precautions and proper
protective measures (safety glasses, face shields, leather coats, Kevlar gloves, and ear protectors)
should be taken when preparing and manipulating them. CuCl, CuBr, CuI, NH4Br, and hexamine
were purchased from Aldrich, CuCl2·2H2O from AppliChem, and KBrO3 from Grìssing. Cu(BrO3)2

was synthesized by means of a double displacement reaction. Copper(II) chloride dihydrate (26.70
g, 0.16 mol) and potassium bromate (52.31 g, 0.31 mol) were each dissolved in a minimum amount
of boiling water. Then, the two boiling solutions were quickly mixed together with stirring to form
a greenish precipitate. The solution was then cooled to 0° C, and the precipitated crystals were
filtered out and washed with cold water (100 mL). Cu(BrO3)2 was dried at 80° C overnight to give
greenish small crystals (75 %). The as-synthesized Cu(BrO3)2 was tested for stability with a drop
hammer test and friction tester; however, it was completely insensitive.
NQ was synthesized by dehydrating guanidinium nitrate with sulfuric acid. NC with 13.25%
nitrogen content was obtained from Nitrochemie Aschau GmbH. The pyrotechnical compositions
were prepared by first sieving all chemicals separately through a 50 mesh screen and then mixing
together in a mortar and pestle. Pellets (2 g each (13 mm diameter)) were pressed in one increment
by using a consolidation dead load of 2000 kg (1507 kg·cm-2). A primary composition (a.k.a. the
first fire composition) was used to ignite the pellets, which were composed of 75% KClO4, 20%
birch charcoal, and 5% shellac. After wetting down with a 4% solution of collodion (Merck), a
homogeneous slurry was formed. Then, the slurry was pasted on to the top of the pellets for
ignition (0.1 g each) and dried for 12 h. Ignition was imparted by touching the tip of the prime with
a butane torch flame. The combustion process was shot with a digital video camera recorder
(SONY, DCR-HC37E), and pictures were taken with a digital camera (MINOLTA, Dimage Z1).
The performance of each composition was evaluated with respect to the color of the flame, smoke
generation, and the amount of solid residues. Spectrometric measurements were performed by
using a HR2000+ES spectrometer with an ILX511B linear silicon CCD-array detector. The
integration time was set to 10 ms and remained unchanged for all test units. The detector–sample
distance was 1 m. The DW and spectral purity (SP) calculations were based on the 1931 CIE
method by using illuminant E (x = 0.333; y = 0.333) as the white reference point. Three samples
were taken for each formulation, and all measured values were averaged. The decomposition points
were measured with a Linseis PT10 DSC apparatus at heating rates of 5°C min-1. The impact and
friction sensitivities were determined by using a BAM drop hammer and a BAM friction tester. The
sensitivities of the compounds were indicated according to the United Nations (UN)
Recommendations on the Transport of Dangerous Goods (+): impact: insensitive >40 J, less
sensitive >35 J, sensitive >4 J, very sensitive 4 J; friction: insensitive >360 N, less sensitive=360 N,
sensitive <360 N>80 N, very sensitive <80 N, extremely sensitive <10 N.

Results and Discussion

Because CuBr performed well in butane flame tests, it was certain that it could be used in a
pyrotechnic composition. Barium chlorate monohydrate was found to perform excellently in green-
colored flame compositions[3] as a triple-function material, acting as 1) oxidizer, 2) colorant
(barium), and 3) halogen (chlorine) donor. The only requirement is for it to be mixed with a fuel,
such as shellac, in stoichiometric proportions to yield a combustible mixture. Copper(II) bromate
was synthesized with the same idea of it acting a triple-function material in experiments. According
to the differential scanning calorimetry (DSC) measurements, the as-synthesized copper(II)
bromate did not contain any crystalline water, since the DSC curve was sloped with no
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fluctuations. The investigated pyrotechnic mixtures (Table 1) were composed according to general
pyrotechnic principles described in the literature.[3, 13]

Table 1. Experimental compositions based on copper and potassium bromates as oxidizers. CuBr is the target
emitter for the flames produced.

[wt %] B1 B2 B3 B4 B5 B6 B7 B8

Cu(BrO3)2 85 75 75

KBrO3 65 58 58 58 56

CuBr 10 20 18 18 18 18

NH4Br 10 12 12

Hexamine (C6H12N4) 15 15 15 15 12 12 12 8

NC (nitrocellulose) 12

NQ (nitroguanidine) 12 6

It is known well that a reductive flame atmosphere is the best for colored flame production.[14]

Therefore, the mixtures used in our experiments had a slightly negative oxygen balance (  -
10 %). Too low an oxygen balance may result in poor burning behavior, which is also undesired.
Hexamine was chosen as a fuel for this experiment because it had good characteristics such as a
high energy density of 30 MJ·kg-1 and good reactivity. Additionally, it is a well-known fuel for
pyrotechnicians.[15] A potassium perchlorate based blue flame composition[16] was used as a
reference for this experiment. It comprised of 64.8% KClO4, 14.3% Cu powder, 16.2% polyvinyl
chloride (PVC), and 4.8% starch. The characteristics of the experimental compositions are
presented in Table 2.

Table 2. Characteristics of experimental compositions: burning rates, sensitivity test results, chromaticity
data. The compositions were quite sensitive to shock and friction due to the presence of bromate oxidizers.

Test
unit

Density
of the
pellet

[g·cm-3]

Burning
rate

[mm·s-1]

Sensitivity tests
1931 CIE color

space values Excitation
purity [%]

Dominant
wavelength

[nm]Shock
[J]

Friction
[N]

Electric
discharge

[J]

Tdec

[°C]
x y

B1 2.39 1.82 20 42 0.30 376 0.297 0.363 11% 502

B2 2.39 1.61 15 28 0.30 210 0.285 0.345 16% 495

B3 2.32 1.96 9 42 0.35 184 0.264 0.325 24% 489

B4 2.43 1.37 9 20 0.30 204 0.263 0.315 25% 488

B5 2.15 1.46 2 28 0.35 168 0.271 0.322 22% 489

B6 2.43 1.11 15 42 0.45 180 0.240 0.258 38% 479

B7 2.25 3.08 9 28 0.50 160 0.250 0.315 29% 489

B8 2.47 1.85 10 56 0.40 168 0.275 0.289 24% 481

Reference 1.93 1.43 8 324 1.50 307 0.250 0.255 36% 478
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Bromates of copper and potassium, contrary to iodates, possessed strongly oxidizing properties,
similar to those of chlorates. The first experimental composition, B1, containing copper bromate,
burned rapidly with a large pale-blue flame. Copper halide species have been reported to be
unstable at high flame temperatures.[11] Therefore, the formulation was modified to B2 and B3 with
the addition of CuBr and ammonium bromide salts as coolants to decrease the flame temperature
and essentially provide more copper and bromine to the flame. This resulted in a slightly deeper
flame color, with all other parameters remaining of a similar magnitude. The emission spectra of
compositions B1–B3 are shown in Figure 1. Bands of CuBr and CuO were identified along with
sharp atomic lines of Na, K, Rb, and Cs. Due to reasonably high resolution of the spectrometer, it
was even possible to detect traces of rubidium and cesium in the flame. In Figure 1, X marks a
peak of uncertain emitter.[17] An additional feature of composition B3 is its chemical instability.
After mixing all compositions, the mixture of B3, unlike all others, changed in color from light
brown to blue and a smell of ammonia was detected. The most reasonable explanation might be the
reaction between hexamine (base) and NH4

+ ion (weak acid) to yield protonated hexamine
intermediate and ammonia gas, which was detected by its characteristic smell. Ammonia can, in
turn, complex Cu2+ ions, resulting in a color change of the mixture, which was the case in our
experiment.

Figure 1. Emission spectra of formulations B1–B3.

After a series of experiments with Cu(BrO3)2 (compositions B1–B3), it was suggested to decrease
the amount of copper in the composition. Shimizu and Conkling suggest that the amount of copper
present in blue flame compositions should only be up to 15% by weight for best performance.[14]

Therefore, KBrO3 was considered as a good oxidizer choice for this experiment, since it is a strong
oxidizer and a copper-free bromine source. By replacing Cu(BrO3)2 with KBrO3, formulations B4–
B8 were composed and prepared. Composition B5, which contained NC (Figure 2), showed a
higher affinity of OH species towards copper, which resulted in enhanced CuOH emission. The
broadening of the potassium band at λ = 767 nm is coherent with the flame temperature and
burning rate fluctuations from results given in Table 2. The dominant emission of the CuBr species
was observed in the spectrum of all formulations, especially B6, which produced the best blue
flame color. Composition B4 showed better performance than those of B1–B3 by producing a
deeper blue flame color. Potassium does not significantly contribute to colored flame production,
since it has no strong emissions in the visible region.[3] Therefore, it is acceptable for use in colored
flame compositions. In addition, it was determined how the properties of the compositions changed
with an additional percentage of NC (general purpose fuel), NQ (high-energy additive), and NH4Br
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(bromine donor and coolant). By assuming composition B4 as a base formulation, 12% of the
abovementioned additives were introduced, and compositions B5–B7 were prepared. These
additives had a particular influence on certain parameters. The addition of NC did not significantly
influence the flame color; however, the composition showed a very high sensitivity to shock
stimuli (Table 2). Also, the emission of CuOH was slightly enhanced (Figure 2). Composition B6
burned with the deepest blue color of all to produce a black, waxy residue. There are several
reasons for the formation of a deep-blue flame: 1) due to coolant NH4Br, the composition burns at a
relatively low temperature, at which the copper halide emitters are still stable;[1, 11] 2) a lot of
residue is produced, which means that most of the incandescent combustion product does not
actually enter the flame envelope, and therefore, the color purity of the flame is increased; 3) it
contains copious amounts of bromine, which shifts the equilibrium to the formation of CuBr
emitter; and 4) due to the low flame temperature, undesired atomic emissions of sodium and
potassium are quenched. The 12% NQ additive, which was present in composition B7, increased
the burning rate dramatically. It burned with a large flame envelope, sizzling sound, and a light
blue flame. Therefore, it was concluded that NQ might be a promising material to catalyze the
combustion of pyrotechnic compositions.

Figure 2. Emission spectra of compositions B4–B8.

Furthermore, the compositions were varied in terms of balance and addition of energetic additives.
However, there was no significant change in the emission spectra, nor increase in blue color purity.
The overall flame color quality of each tested mixture is illustrated in Figure 3A. The graph
emphasizes the difference between color purities of pyrotechnic blue flames and desired emitters.
Contaminants and undesired emissions of CuOH and CuO significantly decrease the flame color
purity. Photographs from experiments showing the combustion of a pellet (2 g) of composition B6
and the butane flame test of CuBr on a metal spatula are shown in Figure 3B and C, respectively. In
both cases, the flame envelope contains emissions of blue and green from CuBr and CuOH,
respectively. The 1931 CIE color space values, which were calculated from the spectral data, are
depicted in Figure 3A. Most of the color points are in the blue region of the diagram with the most
intensive blue color in the case of composition B6. In general, the shift of color points towards the
“pure” blue color region is due to increased emission of CuBr and decreased unwanted emission of
other Cu-containing species, such as CuOH and CuO, and some contaminants, such as sodium.
This is an important fact because, in the case of blue pyrotechnic flames, often a decrease in
unwanted emissions is a priority.
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Figure 3. A) The distribution of experimental color points in the 1931 CIEchromaticity diagram. B)
Combustion of the pellet (2 g) of composition B6. C) Butane flame test of CuBr on a metal spatula.

Because blue flame emissions are less intense in comparison to green emission from barium and
red emissions from strontium, any unwanted emission can dramatically decrease the purity of a
blue-colored flame. The tested compositions had burning rates from 1.1 to 3.1 mm·s-1. Such
burning rates are acceptable for commercial pyrotechnics and are comparatively high for
nonmetallic compositions.[15] This is probably due to the use of bromates, which, similarly to
chlorates, have low Ea values and low decomposition temperatures to provide high burning rates of
pyrotechnic compositions. A graph depicting the burning rate relationship with radiant flux of
compositions is presented in Figure 4. This graph (Figure 4) exhibits how the burn rate and
emission intensity are connected in pyrotechnics for test units B1, B2, B4, B5, and B7, as well as
the reference.

Figure 4. Relationship between combustion rate and CuBr emission intensity at λ = 450 nm.

The remaining test units (B3, B6, and B8) contained NH4Br, which functioned as a coolant in these
compositions, but not as a burn rate retardant. Therefore, the emission intensity decreased in these
compositions with an increase in color purity. Composition B7 possessed highest burn rate of all
(3.08 mm·s-1; Table 2) due to the high reactivity of NQ.
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Conclusion

For use in pyrotechnic compositions, copper(I) bromide was employed as an alternative blue flame
emitter. Butane torch flame tests showed that CuCl and CuBr had very similar emission spectra,
leading to a hypothesis that, before the emission of light, Cu+ ions were possibly the final excited
state of the light emitter.[18] Cu(BrO3)2 was synthesized and used in pyrotechnic blue flame
compositions as an oxidizer and preferred CuBr emitter source. The colored flame theory was
applied to elucidate the obtained spectral data. The low flame temperature obtained with NH4Br
aided blue-colored flame production. NC facilitated the formation of CuOH by supplying OH
species to the flame. NQ increased the burning rate of the B4 base composition when used as an
additive.
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Continued Efforts Toward a Perchlorate-Free Green Illuminant
Composition for the M195 Hand Held Signal
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Recent attempts to develop and demonstrate a perchlorate-free illuminant composition for
the Army’s M195 green star parachute signal have resulted in performance shortfalls in the end
game. We report here on recent formulation development performed at ARDEC, resulting in a new
candidate that burned statically with a luminous intensity of 7,200 candela at 551 nm for more than
62 seconds. The color purity of this candidate also exceeded the M195 requirement, exhibiting a
spectral purity of 64%. This composition was then transferred to the manufacturer where it was
adjusted to meet the static performance requirements in the current production environment.
Dynamic testing of flare assemblies from a mortar launcher have also proven the final composition
viable and these results will also be discussed.

INTRODUCTION

The US Army’s M195 green star parachute hand held signal (HHS) is a single-serving,
hand-fired pyrotechnic signaling device. It is used for the one-time signaling of troop location
during training and combat. This signal contains a rocket motor containing propellant grains that,
when lit by a primer, send the signal flare assembly airborne to a maximum altitude of 900 feet.
When the rocket fuel is consumed, a pyrotechnic delay element located between the motor and the
flare assembly is lit and begins to burn. After 5 seconds, the output charge of this delay element
lights an expelling charge which lights the main green star parachute flare and expels it from the
signal assembly hardware. The flare then begins its parachute-suspended descent back to the
ground until burnout at about 50 seconds.1

Despite the obvious lifesaving benefit to the soldier as a convenient and disposable
signaling device, the life cycle of the M195 HHS is burdened by problematic ingredients for the
pyrotechnic flare composition (composition A in Table 1). First and foremost, the flare
composition specifies almost 10 weight percent potassium perchlorate (KClO4), thought to
function as a gas-generating “booster” and enhance reactivity. This oxidizer has been the subject
of significant environmental regulation in the US and abroad for its notorious toxicity profile, both
as a teratogen and as an endocrine disruptor.2-6

Aside from the issues with perchlorate, there are also problems with the remaining
ingredients in composition A. The Laminac/Lupersol binder system is a supply chain bottleneck
and has been targeted for elimination from pyrotechnics. Aside from this economic problem, this
binder system is solvent-based which means that manufacturing personnel are exposed to high
volumes of volatile organic chemicals (VOCs). Also, the styrene monomer in Laminac and the
phthalate plasticizer used in Lupersol are both additional environmental health and occupational
health risks. Further still, the Dechlorane Plus, functioning as a flame retardant and color enhancer,
is also a public health risk and also a supply chain bottleneck.7

To address the myriad issues related to the M195 composition, we have recently described
efforts aimed to replace the perchlorate oxidizer with other gas-generating “boosters” such as high
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nitrogen compounds.1 Although these prototypes met the M195 static burn performance
requirements (composition B in Table 1 below) at ARDEC, none so far have met the dynamic
display time requirement of 50 seconds needed for a typical lot assessment test (LAT) at the
manufacturer, Security Signals, Inc. (SSI). We report here on a strategy to overcome this
performance shortfall that resulted in a new composition that not only meets the time requirement
in a dynamic setting, but is also simpler and less expensive to produce.

Table 1:  Chemical composition of some standard green illuminants.
Percent Composition by Weight

Composition Ba(NO3)2 Mg Cl source[a] Booster[b] Binder[c]

A 48 22 15 9.8 5
B 43 34 13 5 5

[a] Composition A, Cl source = Dechlorane Plus #515; Composition B, Cl source = polyvinyl chloride (PVC)
[b] Composition A, booster = potassium perchlorate (KClO4); Composition B, booster = 5-aminotetrazole
[c] Composition A, binder = 99:1 mixture of Laminac 4116/Lupersol DDM; Composition B, binder = 80:20 mixture
of Epon 813/Versamid 140.

MATERIALS AND METHODS

Materials: Potassium perchlorate (KClO4, Grade A, Class 4 per MIL-P-217), and polyvinyl
chloride (PVC per MIL-P-20307) were purchased from Hummel Croton. Barium nitrate
(Ba(NO3)2, Class 6 per MIL-B-162) was purchased from Hummel Croton and used at ARDEC
without further processing; at SSI it was subjected to a milling procedure (~10 microns max).
Dechlorane Plus no. 515 was purchased from Oxychem. Ellipsoidal Mg powder (30/50 mesh, Type
IV ellipsoidal per MIL-P-14067) was purchased from Magnesium Elektron (Reade
Manufacturing). Laminac 4116 was purchased from Ashland Chemical, Inc.  Lupersol was
purchased from Norac. Epon 813 resin was purchased from Momentive Specialty Chemicals, Inc.
Versamid 140 curing agent was purchased from BASF.  All tested formulations were encased in
non-coated virgin kraft paper tubes, obtained from Security Signals, Inc.

Blending of pyrotechnic compositions: All above oxidizers were dried in the oven overnight at 60
oC, and weighed out according to their percent composition by weight (see Tables 1-7 below).  A
binder system (99% Laminac 4116/1% Lupersol or 80% Epon 813/20% Versamid 140) was
introduced into a Hobart air mixing bowl and vigorously mixed by hand with a wooden tongue
depressor for 1 min. Magnesium and the chlorine source (either Dechlorane or PVC) were added
to the bowl, and the mixture was blended with the aid of a B-blade at 207 kPa for 10 min.  The air
was turned off and sodium nitrate was added into the bowl.  The pyrotechnic mixture was blended
for 10 min at 207 kPa. The air was turned off, the inside of the mixing bowl was scraped with the
B-blade to remove the pyrotechnic material sticking to the sides, and the mixture was again
blended for 10 min at 207 kPa. The resulting 500 g pyrotechnic mixture was poured from the air
mixing bowl to a large ceramic evaporating dish.  All compositions were dried in air for 2-3 hours
at ambient temperature to ensure partial curing before consolidation.

Loading operation: For each composition, at least five candles were pressed. The pyrotechnic mix
for each candle was weighed out in three equal increments of 33 g. Each candle was pressed into
virgin kraft paper tubes (length of 8.13 cm; inner diameter of 3.19 cm) with the aid of a tooling
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die/punch set and a hydraulic press (consolidation deadload of 5,454 kg with a dwell time of 10
seconds). After consolidation, a thin layer of thermite-based igniter slurry in acetone was applied
to the top surface of the candle. Immediately after the slurry was applied, two pieces of quick
match were horizontally placed and partially imbedded in the igniter slurry. The candles were dried
in the oven at 60 °C overnight to ensure proper curing after consolidation and to evaporate the
acetone from the igniter slurry.

Characterization: To measure the performance of each composition in the flare form factor, the
emissive properties (i.e. luminous intensity, burn time, dominant wavelength, and spectral purity)
of exactly five candles were measured per composition. Each candle was placed on a test stand,
positioned above a hearth and below an overhead ventilation fan, and then ignited at ambient
temperature and pressure with an electric match (12 volts). Optical emissive properties of the
resulting flames were characterized by both a single element photopic light detector and a 2048
element optical spectrometer. The light detector was manufactured by International Light and is
composed of a SED 033 silicon detector (33 mm2 area silicon detector with quartz window)
coupled to a photopic filter (Y-filter) and a field of view limited hood (H-hood). The current output
of the detector was converted to voltage using a DL Instruments 1211 transimpedance amplifier.
Voltage output was collected and analyzed from the amplifier using a NI-6115 National
Instruments data card and in-house developed LabviewTM-based data acquisition and analysis
software.

RESULTS AND DISCUSSION

The most recent efforts to reformulate the current M195 production item aimed to replace
the objectionable perchlorate oxidizer with various high nitrogen compounds.1,8 In these attempts,
it was thought that a composition free of perchlorate would need a suitable replacement compound
of similar energy in order to maintain the overall total internal energy. To this end, high nitrogen
compounds like barium bis-tetrazolate salts1 and 5-aminotetrazole8 were attractive due to their
relatively high heats of formation and proclivity to generate N2 gas. Despite this logic, performance
problems would arise at the prototype level whenever such a perchlorate-free composition was
scaled up at the prime HHS manufacturer, SSI. More specifically, all compositions with high
nitrogen compounds, to date, have exhibited insufficient aerial (ballistic) display times. In
addition, the static display times were also shorter than when first tested at ARDEC and measured
luminous intensities were about 25% lower. A root cause analysis revealed that this deviation arose
from the hammer-milled barium nitrate used in production at SSI, compared with the coarser
military specification (MIL-SPEC) material typically purchased at ARDEC.

In light of the unexpected changes in performance during scaleup at SSI, further
compositional adjustment was executed at ARDEC for the M195. This time we would aim to meet
the minimum light output (5,000 cd) and color (540 ± 20 nm and >50% spectral purity)
requirements, yet target a threshold burn time of >60 seconds. This would deliver a final
composition with adequate performance trade space in anticipation of the burn time reduction that
attends scaleup.

With objective and threshold performance requirements in place, the next step was to select
ingredients and design another range of compositions. At this point it occurred to us that we had
never tested a valid control group that did not have a gas-generating booster, like perchlorate or
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the would-be replacement high nitrogen compounds. In other words, we never tested the range of
compositions that only contained the necessary fuel, oxidizer, color agent, and binder – the
necessary ingredients to sustain a green flame. The prospect of having a single composition that
was not only perchlorate-free and epoxy-based, but also simplified to four components instead of
five, was too attractive not to pursue. In such a “minimalist” composition, the perchlorate content
could simply be removed and distributed to the remaining components, or more logically to the
barium nitrate since it is most like perchlorate (an oxidizer).

With this plan in mind, four new compositions (compositions C-F in Table 2 below) were
blended and tested in parallel with compositions A and B. Compared to composition B, this new
series of compositions kept the fuel (i.e. magnesium) and binder content the same, but added the
5-aminotetrazole content incrementally to the oxidizer (barium nitrate) and polyvinyl chloride
(PVC) chlorine donor. Leveraging the chemical composition in this way was done to exploit the
color-enhancing and flame-retarding properties of PVC.

Table 2:  Chemical composition of new candidate formulations C-F.
Percent Composition by Weight

Composition Ba(NO3)2 Mg PVC[a] Binder[b]

C 48 34 13 5
D 46 34 15 5
E 44 34 17 5
F 42 34 19 5

[a]PVC = polyvinyl chloride; [b]Binder = 80:20 mixture of Epon 813/Versamid 140.

Once prepared, the static burn testing of compositions of C-F provided interesting insight
into the correlation between composition and performance. As shown below in Table 3, it is clear
that for a composition of constant fuel and binder content, increasing the PVC content at the
expense of oxidizer causes a prolonged burn with a substantive decrease in luminous intensity.
This trend can be justified not only by flame retarding properties of PVC, but also by changes in
packing density. As the PVC content increases, measured column lengths also increase (column
lengths not shown). This increases the mean distance between adjacent layers of the grain for an
additional rate retarding effect. Despite this interesting observation, none of the members of this
series displayed the threshold 60-second time sought.

Table 3:  Static burn performance metrics for compositions C-F.
Composition BT[a] (s) LI[b] (cd) DW[c] (nm) SP[d] (%)

Threshold 50.0 5,000 540 ± 20 >50%
Objective 60.0 5,000 540 ± 20 >50%

A 64.6 7,264 556.7 56
B 52.8 11,689 552.3 60
C 49.8 14,995 553.6 58
D 52.0 12,449 552.0 60
E 54.8 9,371 552.5 63
F 58.7 5,793 558.7 67

[a]BT = burning time; [b]LI = average luminous intensity; [c]DW = dominant wavelength;
[d]SP = spectral purity.
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As a result of the continued burn time shortfalls and in light of the well-known thermal
conductivity of the magnesium fuel, we sought other compositions with fuel levels lower than that
of composition B. This was done to capitalize on the well-known correlation between thermal
conductivity and burn rate. Accordingly, we planned nine new compositions in three families
grouped by magnesium content (Table 4); each family had either 21, 25, or 29 percent magnesium
by weight. The PVC content of each family started with 11 percent by weight (compositions G, J,
and M), which was ramped up to 17 percent (compositions I, L, and O) at the expense of the
oxidizer across the series. In this way, we could further probe the tolerance of performance to
composition adjusting fuel/oxidizer ratio and PVC content.

Table 4: Chemical composition of three illuminants G-O.

Percent Composition by Weight
Composition Ba(NO3)2 Mg PVC[a] Binder[b]

G 63 21 11 5
H 60 21 14 5
I 57 21 17 5
J 59 25 11 5
K 56 25 14 5
L 53 25 17 5
M 55 29 11 5
N 52 29 14 5
O 49 29 17 5

[a]PVC = polyvinyl chloride; [b]Binder = 80:20 mixture of Epon 813/Versamid 140.

This next iteration of performance testing gave some very promising results (Table 5). We
reproduced the observed trend of longer burn times with higher PVC content established earlier.
In addition, we observed another expected trend of longer times with lower fuel content. For the
series with G, H, and I, acceptable times and color properties were displayed, but not one member
of this series could meet the minimum brightness requirement of 5,000 cd. For the series with
compositions J, K, and L, the data were more promising as the expected trends were observed and
composition L met all static performance requirements. Interestingly though, composition K
burned for more or less the same duration as composition J despite having more PVC. One possible
explanation for this is that the difference in fuel/oxidizer ratio overrode the flame-retarding effects
of increased PVC. Nevertheless, the family with 29% magnesium gave still better results as
composition O not only met the 60-second threshold but also gave more intense photopic output
than composition L. On these grounds, composition O was selected for system demonstration in
the actual M195 hardware.
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Table 5:  Static burn performance data for M195 green illuminants.

Composition BT[a] (s) LI[b] (cd) DW[c] (nm) SP[d] (%)
Threshold 50.0 5,000 540 ± 20 >50%
Objective 60.0 5,000 540 ± 20 >50%

A 64.6 7,264 556.7 56
B 52.8 11,689 552.3 60
G 64.0 4,823 558.7 59
H 65.7 4,917 554.0 60
I 68.4 4,700 552.0 62
J 58.8 8,130 557.1 57
K 57.7 9,108 555.9 59
L 62.0 6,537 553.1 62
M 49.8 14,029 560.4 58
N 57.2 9,783 556.1 61
O 62.3 7,239 554.2 64

[a]BT = burning time; [b]LI = average luminous intensity; [c]DW = dominant wavelength;
[d]SP = spectral purity.

The next step was to transfer the prototype from ARDEC to SSI to examine how amenable
composition O was to the current HHS production environment. Normally, when a prototype is
transferred from the pilot plant to production the tests results do not translate perfectly.
Composition O was no exception to this rule as issues arose when testing it statically. Specifically,
two separate 12-lb batches (O-1 and O-2) were blended and pressed into full-sized 100-gram flares.
Twenty flares from each batch were tunnel-tested and evaluated for static burn parameters. As
shown by the average test results in Table 6 below, composition O behaved quite differently at the
manufacturer owing to differences in the barium nitrate particle size. Clearly, almost ten seconds
were lost along with almost 2,000 cd of candlepower. Although the average values in Table 6
reflect adequate performance relative to the M195 specification, two of the flares from batch O-1
and one from O-2 exhibited luminous intensities below the minimum requirement of 5,000 cd.
Such a result would be sufficient for lot failure during a typical lot assessment test. In addition, the
tolerances for composition O would prove unacceptably high frequency of failures (statistics not
shown). As a result, composition O would have to be adjusted to reliably meet the intensity
requirement.

Table 6:  Static burn tests of composition O performed at Security Signals, Inc.

Composition BT[a] (s) LI[b] (cd) DW[c] (nm) SP[d] (%) No. Failures
Requirement 50.0 5,000 540 ± 20 >50% -----
O-1 (12 lb) 53.5 5,524 556.3 65 2
O-2 (12 lb) 56.5 5,493 555.4 64 1

[a]BT = burning time; [b]LI = average luminous intensity; [c]DW = dominant wavelength;
[d]SP = spectral purity.

169



UNCLASSIFIED

Distribution A. Approved for public release. Distribution is unlimited.
UNCLASSIFIED

When planning the next composition to test at the manufacturer, we re-examined
performance data for compositions N and O (Table 5). It seemed that a better balance of burn time
and luminous intensity could be achieved by taking the midpoint of the composition range of
compositions N and O. This could be done by simply removing 1.5 wt. % PVC from composition
O and distributing it to the Ba(NO3)2 oxidizer. Thus, the new composition P was chosen for another
iteration of testing at SSI (Table 7).

Table 7:  Chemical makeup of composition P.

Percent Composition by Weight
Composition Ba(NO3)2 Mg PVC[a] Binder[b]

P 50.5 29 15.5 5

[a]PVC = polyvinyl chloride; [b]Binder = 80:20 mixture of Epon 813/Versamid 140.

The next step was to prepare composition P at SSI. Accordingly, two more 12-lb batches
were again blended at SSI using the exact weight percentages in Table 7 for composition P. Both
batches were pressed into full-sized 100-gram flares and twenty flares from each batch were tested
statically in a tunnel for performance evaluation (Table 8). Both lots of composition P gave
excellent results as all static requirements were met. In addition, the average values in Table 8
below were more than three standard deviations removed from the minimum requirements of the
M195 signal. This equates to a theoretical failure rate of less than 1% which bodes well for any
future production of this material. Thus, composition P was advanced to the next phase of system
demonstration at SSI.

Table 8:  Static tunnel test data for composition P.

Batch BT[a] (s) LI[b] (cd) DW[c] (nm) SP[d] (%) No. Failures
Requirement 50.0 5,000 540 ± 20 >50% -----
P-1 (12 lbs) 55.9 6,612 555.3 63 0!
P-2 (12 lbs) 55.4 6,614 555.1 63 0!

[a]BT = burning time; [b]LI = average luminous intensity; [c]DW = dominant wavelength;
[d]SP = spectral purity.

With a successful iteration of static tunnel testing for composition P, the next logical step
was to simulate ballistic behavior by building flare assemblies and launching them from a mortar
tube. This exercise was meant to provide insight into how the assembled flare (flare body + igniter
layer) can sustain the impulse of the black powder expelling charge that lights after consumption
of the HHS delay element. Accordingly, parachutes were attached to the anchor end of 10 flares
made from each of the P-1/P2 batches, expelling charges were attached to the other end of each
flare, and all 20 assemblies were fired from a launcher. This iteration of testing gave some mixed
results. On one hand, two of the flares failed to light upon launch. On the other hand, all flares
from P-1 and almost all of those from P-2 lit and exceeded the 50-second display time requirement.

170



UNCLASSIFIED

Distribution A. Approved for public release. Distribution is unlimited.
UNCLASSIFIED

Table 9:  Mortar test data for flare assemblies from batches P-1 and P-2.

Batch BT[a] (s) No. Failures
Requirement 50.0 -----

P-1 (12 lb) 54.0 0
P-2 (12 lb) 54.4 2

[a]BT = burning time

This new “dud” problem prompted a vexing root cause analysis. Upon closer examination
of the two unlit flares recovered from the test range, it was clear that the igniter layer either de-
laminated from one candle face upon firing of the expelling charge or simply failed to light the
illuminant layer directly beneath it (Figure 1). Initially we suspected that batch P-2 was primed
with a bad batch of igniter, since this problem only occurred with one flare batch and not the other.
But since the igniter was prepared and applied with routine quality control standards at SSI, we
assumed that de-lamination was the key root cause for the ignition failures.

Figure 1: Views of one of the duds after mortar testing.

In an effort to gain insight into this “dud” problem, the mortar testing was repeated for
composition P again with 40 flare assemblies instead of 20 (data not shown). This time, the results
were more gratifying – all 40 flares lit and met the 50-second minimum time requirement. With
this result in hand we could confidently attribute the initial dud problem to a general lack of contact
between the igniter layer of the flare and the expelling charge. In other words, when resting in the
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mortar tube, a flare assembly has more freedom than in the M195 signal body launch tube. This
wider tolerance may cause the igniter layer of the flare to be misaligned with the expelling charge
when resting in the mortar tube. We propose this misalignment as the cause of the duds, which is
not representative of the true ballistic behavior of the flare assembly in actual M195 system
hardware. As a result, the dud problem with the first round of mortar testing was dismissed and
the results from the second iteration were marked as sufficient for passing the interim ballistic
mortar qualification test.

CONCLUSION

We have successfully developed a new pyrotechnic composition that is amenable to
production and meets the static performance requirements of the M195 green star parachute HHS.
The new composition is state-of-the-art, being epoxy-bound and without any bad economical or
environmental actors. It has already passed some of the system qualification tests at the prime HHS
manufacturer. The only piece missing for a successful materiel release is qualifying the new
composition in a full first article test (FAT). This will entail blending a typical production size
batch (~120 lbs), pressing them out and building flare assemblies, loading 126 assemblies into
signal hardware (containing the rocket motor). Then the lot of 126 signals will be subjected to four
different conditions (hot, cold, ambient, and transportation/vibration) and functioned on a test
range to ensure dynamic launch and display requirements can be met by composition P.
Composition P will now be advanced to a flight test in full-up M195 signal hardware (i.e. with the
rocket motor). This is expected to be concluded in the summer of 2016, at which time ARDEC
may begin to integrate this new design change into the M195 system.
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Development of Green Extrudable Delays for the Navy
S. Hall

Nammo Talley Inc., Mesa, AZ, USA

ABSTRACT
Pyrotechnic delays have a long history in many military and civilian applications. In addition to grenade
and warhead delays, Nammo Talley has successfully produced thousands of tungsten delays for multiple
extended range artillery projectiles. The delay units have proven to be robust, reliable, and stable.
However, tungsten delays typically contain barium chromate, which is both a health and environmental
hazard. New OSHA standards regulate hexavalent chromium compounds to a permissible exposure level
to less than five micrograms per cubic meter in workplace breathing air. In addition, delays often contain
perchlorates, which are considered to be ground water contaminants and the EPA has recently established
a health based guideline maximum of 15 ppb in drinking water. Using chromates and perchlorates in
pyrotechnic delays makes manufacturing, handling, and disposal of delays very difficult and costly.

Nammo Talley is currently working with the Naval Surface Warfare Center, Indian Head Explosive
Ordnance Technology Division (NSWC, IHEODTD) to develop a new extrudable pyrotechnic delay
formulation using less hazardous ingredients to serve as a drop in replacement for the current barium
chromate based formulations. A historical background of delays will be presented, followed by an
overview of the development process, including methods of ingredient and formulation selection.
Characterization data such as theoretical thermochemical data, burning behavior, thermal aging, and
hazards sensitivity for selected delay formulations will be discussed.

1.0 Introduction

Pyrotechnic delays have long been used in a wide variety of military and commercial devices
which include Cartridge Actuated Devices and Propellant Actuates Devices (CAD/PAD), Army’s M927
extended range projectiles, grenade fuses, fusing sequencing systems, safe separation timers for ordinance
demolition, and safety timers for oil well perforating guns. Pyrotechnic delay applications for CAD/PAD
include sequencing events for canopy jettison, ejection seat initiation, and parachute deployment.
Pyrotechnic delays provide simple, low cost, low maintenance, and repeatable timing systems without the
need for complex electronics or energy sources associated with electronic delay devices.

Early pyrotechnic delay devices, made prior to World War II, typically used black powder as the
timing charge. Original designs proved to be problematic and often dangerous, because the burning
characteristics of black powder were not well understood. Devices would often over pressurize, which
generated runaway reactions resulting in explosions and fragmentation causing injury and death. In
response to these issues, William Bickford developed the safety fuse in 1831, which consisted of black
powder loaded into water resistant rope. This design minimized the exposure of free powder and properly
vented the product gases, thereby significantly reducing the hazards associated with black powder.
Bickford’s design produced a relatively safe and reliable fusing device with a burn time of approximately
30 seconds per foot and was widely adopted by the mining industry. However, the characteristics of black
powder limited its use in more sophisticated timing systems, which required more compact and precise
delay fuses. Black powder charges were also moisture sensitive and produced 50% gas by weight
requiring complex venting systems to prevent runaway reactions. By the end of World War II black
powder delays were obsolete and could no longer meet the needs of new munition systems.

Gasless delay compositions were developed shortly after WWII to meet the needs of increasing
complex munition systems. These compositions were stable, sealable, and more compact, which increased
shelf life, simplicity, and versatility over the previous black powder designs. Gasless delay compositions
were developed by combining metal powders with chromate oxidizers (lead, calcium or barium) plus an
ignition aid such as potassium perchlorate. These mixtures produced high heat with minimal gas to allow
the materials to be consolidated into columns and rely on conductive heat transfer for propagation. This
produced repeatable burn times with minimal risk of runaway reactions. The burn times were easily
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changed by varying the reactants, reactant ratios, or the material morphologies making them reliable and
versatile.

The current gasless pyrotechnic delay compositions have proven to be robust and are still in great
demand. However, most of these delay compositions use the chromate oxidizers, which have been
determined to be hazardous. New OSHA standards regulate the permissible exposure limit of hexavalent
chromium compounds to less than 0.5 micrograms per cubic meter. In addition, many of these
compositions use perchlorates, which are considered to be ground water contaminants by the EPA making
it challenging for companies to meet the demand for pyrotechnic delays.

Nammo Talley has begun research to develop a green pyrotechnic delay replacement for the
common tungsten/barium chromate delays. Requirements for the formulation include equal or better
ballistic performance and reliability, use of non-hazardous ingredients, and manufacturability. The
required burn time for the delay fuse is between 1.0 to 6.0 seconds across a temperature range of -65 to
200 ºF. The objective was to replace a pressed delay column with an extruded version, which could be
made longer to adjust for more precise timing. If the extruded column was unsuccessful then a pressed
column would be made. The Phase I effort was completed in 2015 and the Phase II effort is underway.
The Phase I development effort included literature review, theoretical calculations, formulation
downselection, characterization and final single formulation downselection for a Phase II follow-on.
Unique challenges with the effort included formulating delays with reduced gas, minimizing binder, and
ensuring propagation through narrow confines (channels).

2.0 Experimental

2.1 Formulations and Ingredient Downselect

Nammo Talley (NT) Research Department conducted an analysis of several potential delay
formulations using the NewPEP analysis software. Both intermetallic and fuel – oxidizer mixtures were
considered for evaluation with key characteristics of low gas production, high flame temperature, and
high heat of reaction. Ingredients were also evaluated for health hazards using material safety sheets and
other published literature data. Carcinogenic materials or materials with a toxicity rating greater than 2 on
the NFPA health rating were eliminated from the study.

2.1 Material Preparation

Small quantities (10 grams or less) of delay compositions for the screening study were prepared
using a Resodyn LabRAM (Resodyn Acoustic Mixer) inside a grounded 25 cc stainless vial. Typical
mixing parameters used throughout the study were 60-80 g’s for 10-20 seconds. Upon completion of
mixing compositions were tested at ambient conditions to measure the burn rate in a powder form.

Delay compositions for follow-on lab scale batch characterization (10-100 grams) were mixed
remotely using either the LabRAM or a paint shaker. All materials were wetted with a binder or a
binder/solvent solution prior to processing. LabRAM parameters were typically 60-70 g’s for 1-2 minutes
and the paint shaker parameters were full speed (no adjustment) for 15 minutes to ensure mixtures were
homogenous. After processing, the samples were dried at ambient to the desired consistency and then
loaded into test articles.

2.2 Delay Hazards and Compatibility Testing

Hazard testing was performed on promising delay formulations prior to lab scale processing and
included BAM friction, electrostatic discharge (ESD), and BOE Impact (using a 2kg drop weight).
Materials with BAM sensitivities of 80 N or less, impact sensitivities of 15 kg-cm or less, or ESD
sensitivity of 0.01 J or less (A1A powder = 0.001 J) were eliminated.

Compatibility tests between the downselected delay composition(s) and an 80:20 ignition powder
(A1A:BKNO3) were also conducted. Testing included thermal stability (UN Test Series III) and chemical
compatibility tests by differential scanning calorimetry-DSC in accordance with (IAW) STANAG 4147-
Test 4.
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2.3 Delay Screening Tests

Screening tests were performed on the formulations to characterize ease of ignition, burning time,
burning behavior, and reactivity. Testing was done by igniting approximately five (5) grams of material
with a hotwire and video recording the event. A hotwire ignition fixture was fabricated to provide precise
ignition stimulus using a Variac transformer to control energy to the hotwire. Ignition tests were
performed at 8, 10, and 12 voltage percent. Ignition characteristics were characterized by recording the
minimum voltage and duration needed for ignition. For example, more sensitive mixtures would ignite
quickly at 8% voltage and a less sensitive mixture would require a longer time at the higher voltage, 12%.
Burning time, ignition time, ignition voltage, and visual observations were recording for each test.
Criteria for downselection included ignition at 10% voltage or less, a burning time of 2 to 10 seconds with
5 grams of material, and minimal gas output. Compositions meeting the criteria were down selected for
extrudable delay testing.

2.4 Extrudable Delay Testing

Downselected delay compositions were then mixed with a binder and extruded into various
configurations to further characterize their performance. Initial tests were conducted by extruding the
delays into square brass channels, which had an internal width of 0.097 inches and then initiated using a
hot wire. Figure 1 below shows a typical brass channel test setup.

Figure 1: Delay Extruded into a Brass Channel

Testing provided a general idea on burning characteristics; however, extruded delay applications
would likely use much smaller cross sectional diameters. Follow-on testing was then conducted using a
more precise setup to characterize delays in narrow confinements. Various materials were considered for
use as the test fixture substrate however, soapstone was considered by far the best candidate due to its
extremely high melt temperature, non-reactive nature, low thermal conductivity, ease of manufacturability
and low cost. The channels cut in the soapstone fixtures ranged in width from 0.094 to 0.020 inches. The
depth of channel was intended to be the same as the channel width however, the tolerance of the
soapstone pieces made controlling the depth of the cuts difficult. Consequently, the channel depths were
cut slightly deeper than the width for Phase I. In an effort to provide a more realistic ignition train the
delays were initiated by applying a hot wire to a pressed A1A pellet and the pellet output then ignited the
delay. See Figure 2.
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Figure 2: Delay Extruded into a Soapstone Test Fixture

Formulations not igniting or fully propagating were eliminated from further consideration and all
other materials were reformulated to adjust the burn time between 1.5 to 2.0 seconds/inch over multiple
test series.

3.0 Results and Discussion

3.1 Material Downselect and Theoretical Performance

Fuels selected for this effort included zirconium, titanium, titanium/aluminum, and silicon based
on toxicity, ease of ignition, and minimal gas production. Aluminum combined with titanium helped to
increase its ignitibility. Oxidizers evaluated included iron oxide, manganese dioxide, bismuth trioxide,
strontium nitrate, and potassium periodate. Potassium periodate was selected to serve as an ignition
enhancer rather than a sole oxidizer and was essentially a drop in replacement for potassium perchlorate.
Table 1 below shows the NewPEP theoretical calculations for select metal/oxide compositions.

Table 1: NewPEP Theoretical Calculations for Metal/Oxidizer Compositions

Formulation
Flame Temp Gas production (chamber) Heat of Reaction

(K) (moles/100 g) (cal / g)
439-135-0 544 0 37
439-135-3 2785 0.0527 733
439-135-5 2771 0.0145 640
439-135-6 1839 0 335
439-135-7 1650 0.0001 271
443-10-4 2230 0.19 602
443-10-5 2319 0.54 832
443-10-6 2960 0.16 875
443-14-1 2658 0 683
443-3-1 2614 0 612

443-3-1a 2334 0 563
443-3-3 2909 0.12 650
443-3-4 2800 0.06 707
443-5-1 3000 0.09 760

443-5-10 2269 0.32 191
443-5-11 2661 0.04 661
443-5-12 3582 0.84 1574
443-5-13 2304 0.05 403
443-5-3 3000 0.13 910

TALI-1 (A1A variant) 2909 0.1235 650
TALI-27 (A1A ignition powder) 2835 0.0001 404

The majority of the metal/oxidizer combinations listed in table 1 above showed favorable
characteristics, which included gas production less than 0.2 moles/100 grams, flame temperatures greater
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than 1800 K, and heats of reaction greater than 300 cal/g. Too much or too little heat may produce
undesirable results such as burning too fast or snuffing. Formulations from Table 1 with the exception of
439-135-0 were selected for Delay screen testing for dry formulations.

Since the intent of this program was to produce extrudable delays, binders were also evaluated
and included solvent systems such as Viton and VAAR, as well as a Sylgard cast/cured system.
Enhancers such as Bi2O3, MnO2, and KIO4 were added to some of the runs to balance the energy loss
from binder addition. The addition of binders changed the theoretical results dramatically with a
significant increase in gas output. Table 2 below shows the NewPEP theoretical results for candidate
delay compositions using various binders.

Table 2: Theoretical Results for Delay Compositions Prepared with Binder

Formulation
Flame
Temp

(K)

Moles
gas/100
grams

Chamber

Moles gas/100
grams

Products

Heat of
Reaction
(cal / g)

Baseline delay 1916 0.11 0.00 300
443-5-6 (Sylgard) 2283 1.92 0.42 1365

443-5-6 (Sylgard)+Enhancer 1 2293 1.68 0.33 1259
443-5-6 (Sylgard)+Enhancer 2 2324 1.78 0.36 1353
443-5-6 (Sylgard)+Enhancer 3 2115 1.77 0.38 1233

443-5-6 (Sylgard)+Enhancer 1+2 2290 1.71 0.34 1288
443-5-6 (Sylgard)+Enhancer 1+3 2209 1.70 0.35 1235
443-5-6 (Sylgard)+Enhancer 2+3 2241 1.76 0.37 1232

Sylgard+Enhancer 2 2023 1.29 0.27 547
TALI-1 (A1A) + Viton 2715 0.24 0.01 611

TALI-1 (A1A) + Sylgard 1745 0.91 0.32 566
443-3-1 + Sylgard + High temp oxidizer 2291 1.23 0.39 892

443-3-1 + Epon + High temp oxidizer 2291 1.23 0.23 958

It can be seen from table 2 (shaded cells) the metal/oxidizer formulation using a dissolved binder
(Viton) compared to an equivalent formulation using cast/cured binder (Sylgard) has a higher flame
temperature and less gas production since less binder is required for a dissolved binder system versus a
cast cured system, 1% vs 15-22% by weight. An increase in binder contributes to more gaseous products
being produced, while at the same time reducing the flame temperature since organic combustion
products produce less heat than metal combustion products. Compositions using both binder systems
were tested; however the majority of testing was performed on Viton systems.

3.2 Initial Screening Study-Burn Testing

Initial screening tests were performed on compositions to determine ignitability and characterize their
burning profile. Formulations were derived from Table 1: NewPEP Theoretical Calculations for
Metal/Oxidizer Compositions. Fuels included Ti and Si. Oxidizers included Fe2O3 (and variants), MoO3,
and K2WO4. Some runs contained ignition enhancers such as Bi2O3, KIO4, or MnO2. Samples were tested
as dry powders and without binder. Table 3 shows the test results organized by burn time (Fastest to
Slowest). The comments column is a general statement on what was observed during each test.
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Table 3: Initial Burn Testing Results-Part 1
Mix
ID

Test
Config.

Ignition
Setting/Time (sec)

Burn time
(min : sec)

Comments

443-10-4 5 g powder 8%-20 sec <0:01 Explosive i.e. Very Energetic
443-10-5 5 g powder 8%-3 sec <0:01 Explosive i.e. Very Energetic
443-14-1 5 g powder 8% -9 sec < 0.01 Very fast burn, no sound
443-5-10 5 g powder 8%-5 sec <0:01 Very fast burn
443-5-13 5 g powder 8%-6 sec <0:01 Very fast burn
443-10-3 5 g powder 8%-3 sec 0:01 Fast burn-smoky
443-10-6 5 g powder 8%-6 sec 0:01 Fast burn- clean

443-3-4 5 g powder 8%- 4 sec 0:01
Intense burn, even hotter than

443-3-3
443-3-3 5 g powder 8%- 8 sec 0:01 Intense burn

439-135-14 5 g powder 8%-1 sec 0:01
Baseline Igniter formulation, with

1% Viton
443-5-3 5 g powder 8% 8-10 sec 0:01 Fast hot burn
443-5-2 5 g powder 8% -5 sec 0:02 Fast hot burn

443-5-9 5 g powder 10%-20 sec 0:02
Burn time decreased from 20

down to 2 w/ KIO4

439-135-4 5 g powder 8% -3-7 sec 0:02 Good burn

439-135-2 5 g powder 8% -6 sec 0:03
Slow steady burn produced many

sparks

439-135-1 5 g powder 8% -12-15 sec 0:04
Thermite burn followed by hot

molten glow, slag.
443-5-12 5 g powder 8%-15 sec 0:05 Hot burn-somewhat gassy
443-3-2a 5 g powder 8%-33 sec 0:04 Good burn
443-5-7 5 g powder 8%-5 sec 0:06 Smokey burn

439-135-5 5 g powder 12%-20 sec 0:10 Hot glow, no gas
439-135-6 5 g powder 8%-9 sec 0:20 Slow hot burn
439-135-7 5 g powder 8%-5 sec 0:20 Long smoldering burn, smoky
439-135-9 5 g powder 10%-19 sec 0:21 Burn similar to 439-135-7

439-135-8 5 g powder 8%-9 sec 0:28
Long smoldering burn, less flame

than above

Loose Powder Burn Test Observations:
 Titanium plus iron oxide produces a thermite and ignites easily, produces minimal gas (though throws

some sparks), and produces a moderately long hot burn (5 grams = 4 seconds). Mix 439-135-1 (Ti:Fe2O3) is
considered the baseline for this series.

o Adding KIO4 significantly reduces time to ignition and increases burn rate to a certain degree.
(good ignition enhancer) as shown in mix 443-5-9.

o Adding Bi2O3 or MnO2 to the baseline Ti/Fe2O3 thermite significantly increased the burning rate to
near explosive rates. BiO2 reduced time to ignition, but the MnO2 did NOT significantly change
ignition time. This is shown in mixes 443-14-1. 443-5-13. Replacing all of the Fe2O3 with Bi2O3 or
MnO2 produced an explosive formulation, which produced a report as shown in mixes 443-10-4
and 443-5-10.. (Note: the formulations with Fe2O3 mixed in with the Bi2O3 or MnO2) appeared to
burn as fast, but produced no report.

o Replacing the iron oxide with Sb2O3 or MoO3 produced similar burning times; however, significant
smoke was produced As shown in mixes 443-5-7 and443-5-2.

o Replacing the iron oxide with K2WO4, significantly increased time to ignition and the burning time.
It would be interesting to test this formulation with an ignition enhancer, e.g. KIO4, added to it
(Mix 439-135-9).
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o Replacing some or all of the Ti with Si significantly lengthened the time to ignition and the
burning time. However, the Si did appear to produce as much heat as the Ti. Si would be a good
material to increase the burning time while maintaining heat output.443-135-5 and 443-3-2a.

o Replacing the Ti with Zr and adding SiO2 (to reduce hazards sensitivity) created a formulation
similar to A1A powder (439-135-14). This formulation ignited quickly and burned very quickly, but
was not explosive.

Following initial dry powder screening, test formulations were downselected and processed using
Sylgard to evaluate the performance in a configuration better representing the end product. Sylgard was
chosen at this point, since it made strong stand alone strands. Fuels included Al, Ti and Zr. Oxidizers
included Fe2O3 and Sr(NO3)2. Strontium nitrate was selected since previous studies demonstrated Sylgard/
Sr(NO3)2 compositions produce hot slow burning strands that successfully propagate through narrow
confinement. Ignition enhancers (Bi2O3, KIO4, MnO2) were added to some of the runs as well. The
strands were cast/cured samples approximately 0.25 inch wide x 0.25 inch high with lengths ranging from
3 to 12 inches. Table 4 shows burn test results for delay compositions prepared with the Sylgard binder.

Table 4: Burning Test Results for Cast/CurtedDelay Compositions Prepared with Sylgard Binder

Mix ID Test
Config.

Ignition
Setting/Time

(sec)
Comments

443-7-6 40 g- 7” strand 8%-5 sec Hot fast burn appeared gassy

443-9-3 ~60g, 8” strand 8%-5 sec Hot somewhat gassy burn, very smooth, Bi2O3

faster than KIO4

443-5-5b 40 g- 4” strand 8%-5 sec Largest flame off all. Very hot.
443-9-1 ~ 60 g, 12” strand 10%-10 sec Hot somewhat gassy burn, very smooth
443-9-2 ~60g, 8”  strand 8%-5 sec Hot somewhat gassy burn, very smooth

443-11-3 5” strand 8%-5 sec Steady burn

443-11-4 5” strand 8%-13 sec Post-test fixture with metal alloy composition
hotter than with Ti. Flickering.

443-11-5 5” strand 8%-5 sec Steady hot burn

443-11-2 30 g- 3” strand, 2 in
(run 2) 10%-6-10 sec Clean burn, 1 of 2 small diameter tubes (0.063 in)

propagated. SiO2 (Cabosil) added as binder aid.
443-7-1 40 g- 3” strand 10% -10 sec Good hot burn
443-7-4 40 g- 4” stand 8% 50 sec Hot burn

443-11-6 5” strand 8%-10 sec Burn not as hot as previous run.
443-7-3 38 g- 3” strand 8% 50 sec B coated with 20 wt% Mg. Not as hot as Ti.
443-7-5 38 g- 3” strand 8%-16-17 sec Hot glowing burn but not as vigorous as Al/Mg

443-5-6 40 g- 6” strand 10% -6 sec Very slow burn. Small diameter test samples
(branched) did not sustain burning.

443-11-1 ~ 40 g, 4” strand 10%-12 sec Material Just Smoldered
443-5-5a 12.75 g- 3” strand 8%-6-10 sec Just a quick flash, no propagation
443-7-2 40 g- 3” strand None No ignition

Sylgard Burn Test Observations:
 439-135-14 ignited easily and propagated quickly in the powder form produced surprisingly poor results in

the cast/cured form, Mix 443-5-5a. The presence of the Sylgard binder significantly reduced the reactivity
of the metal fuel.

 Adding KIO4 to the formulation, Mix 443-5-5b, significantly changed the formulation from a very poor
performer 443-5-5a to a very good.

 Formulations with Sylgard binder required a relatively strong oxidizer Sr(NO3)2 to burn. The Sr(NO3)2 and
Fe2O3 oxidizers produced similar burning characteristics in the dry metal/oxidizer thermite forms.
However, only the formulations with Sr(NO3)2 oxidizer were able to sustain burning in the cast/cured form.
Although, formulations with Fe2O3 required an ignition enhancer, KIO4 to sustain burning 443-5-5b vs 443-
5-5a..

 Similar to the dry powder results, Bi2O3 was a more effective catalyst than KIO4.
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3.3 Extruded Delay Testing

3.3.1 Brass Channel Testing

Based on initial testing, candidate formulations were prepared for evaluation with both Viton and
Sylgard, see Table 3 and 4, respectively. Each binder had its advantages and disadvantages. The
cast/cured Sylgard strands were mechanically stronger and could stand alone; however, they produced
significant gas during burning. The delay materials using Viton binder contained much less binder and
produced minimal gas, which made the delays suitable for confined systems. However, these formulations
were weaker and required the composition to be cast into a fixture. After mixing the powders with the
binder the compositions were extruded into a square brass channel with an approximate internal
dimension of 0.097 inch (Ref. Figure 1). The compositions containing Viton were placed in a 120 ºF until
the solvent evaporated. The cast/cured Sylgard formulations were cured at 140 ºF for approximately 2
hours. Table 5 and 6 shows burn test results in the brass channel.

Table 5: Extruded Delay (Solvent+Viton) Tested in Brass Channel
Mix ID Mixing Observation Sample Prep Observation Test Observation

443-16-1 ~3 grams of total liquid to achieve
desired consistency.

Easy to load but sample tended
to crack/separate

Burned Steady 0.48
sec/in

443-16-2 ~3 grams of total liquid to achieve
desired consistency.

Easy to load but sample tended
to crack/separate

Burned Steady 2.5
sec/in

443-16-3 ~3 grams of total liquid to achieve
desired consistency.

Easy to load but sample tended
to crack/separate

Burn Not Steady 2.0
sec/in

443-16-4 ~3 grams of total liquid to achieve
desired consistency.

Easy to load but sample tended
to crack/separate

Burned Steady 0.28
sec/in

443-16-5 ~4 grams of total liquid to achieve
desired consistency.

Easy to load, sample stuck to
itself. Chuffed did not sustain

443-16-6 ~3 grams of total liquid to achieve
desired consistency

Easy to load but sample tended
to crack/separate

Burned Steady 2.0
sec/in

443-19-1 ~3 grams of total liquid to achieve
desired consistency.

Easy to load but sample tended
to crack/separate

Burned Steady 1.2
sec/in

443-19-2 ~4 grams of total liquid to achieve
desired consistency.

Easy to load, sample stuck to
itself Would not Sustain

443-19-3 ~4 grams of total liquid to achieve
desired consistency.

Easy to load, sample stuck to
itself

Burned Steady 1.4
sec/in

Table 6 shows channel testing for cast/cured delays prepared with Sylgard binder.

Table 6: Extruded Cast/Cured Delays (w/Sylgard) Tested in Brass Channel
Mix ID Mixing Observation Sample Prep Observation Test Observation

443-19-4 Too Dry Buttered easily in channel Easy to Ignite Burned Steady 3.6
sec/in

443-19-5 Good Mix wetness Buttered easily in channel Easy to Ignite Burned Steady 3.6
sec/in

443-19-6 Too Dry Dried and cut into small
strip

Easy to Ignite Burned Steady 4.0
sec/in

443-19-7 Too Dry Dried and cut into small
strip

Easy to Ignite Burned Steady, 2.5
sec/in

443-19-8 Too Dry Dried and cut into small
strip

Easy to Ignite Burned Steady 3.0
sec/in

443-19-9 Too Dry Dried and cut into small
strip

Not Easy to Ignite Burned Steady 4.6
sec/in

443-19-10 Good Mix wetness Dried and cut into small
strip

Not Easy to Ignite Burned Steady 7.1
sec/in

443-19-11 Just slightly dry Dried and cut into small
strip

Very easy to ignite Burned very
Steady but appeared gassy 2.7 sec/in
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All mixes in Table 6 above contain titanium, Sylgard, and strontium nitrate. Interestingly, the
Sylgard binder formulations with only a slight variation in the percentages of ingredients produced a
noticeable difference in the burn rate however; all of the samples burned slower than the target burn rate
of 1.72 sec/inch. Also, every Sylgard binder formulation, with the addition of a supplemental oxidizer,
had a slower burn rate than the formulations utilizing only the strontium nitrate oxidizer. Mix 443-19-11,
which utilized manganese dioxide as a supplemental oxidizer, was however very easy to ignite and also
burned extremely steady. Although mix 443-19-11 seemed to produce gas, it did not throw any large
sparks, as evidenced on all of the other Sylgard binder mixes with the faster burn rates.

3.3.2 Soapstone Channel Testing

The top performing Viton binder and cast/cured Sylgard formulations from the brass channel
testing were loaded into the soapstone fixtures. Tests were conducted using the standard ½ inch thick
soapstone with the exception of a few done using ¼ inch thick soapstone and ¼ inch thick polycarbonate
to determine if material or mass had any effect on burning behavior. The materials were mixed, loaded
into the channels, and allowed to cure. An A1A ignition pellet was added at the start of the delay track
and was initiated using a hot wire. See Table 7 for the test results.

Table 7: Extrudable Delay Testing using Soapstone Fixtures-Initial Tests

Mix
Formulation/Binder Track

Size (in)
Comments

443-23-1 Metal/oxidizer/Viton .063 No Ignition, 2 Tests
443-23-1 Metal/oxidizer/Viton .094 Ignited but snuffed out
443-23-4 Metal/oxidizer/Viton .063 No Ignition
443-19-3 Metal/oxidizer/Viton .094 Steady Burn, 3.75 sec/inch
443-23-6 Metal/oxidizer/Sylgard .094 No Ignition
443-23-6 Metal/oxidizer/Sylgard .051 No Ignition

7742 TALI-51 (similar to A1A ignition powder) Viton .094 0.25 sec/inch
7742 TALI-51 (similar to A1A ignition powder)  Viton .051 0.25 sec/inch
7742 TALI-51 (similar to A1A ignition powder)  Viton .032 0.25 sec/inch
7742 TALI-51 (similar to A1A ignition powder)  Viton .020 0.25 sec/inch
7720 TALI-51 (similar to A1A ignition powder)  Viton .094 .25 sec/inch ¼” thick soapstone
7720 TALI-51 (similar to A1A ignition powder) Viton .094 .25 sec/inch ¼” thick polycarbonate

443-23-8
TALI-51 (similar to A1A ignition powder) + slow

thermite
.094 0.5 sec/inch ¼” thick polycarbonate

443-23-8
TALI-51 (similar to A1A ignition powder) + slow

thermite
.094 0.5 sec/inch ¼” thick soapstone

Note: All tests were single tests except for the first run listed (2 tests). Mixes 7720 and 7742 were duplicate mixes

Formulation 443-19-3 burned at 0.7 sec/inch in the brass channel versus 3.75 sec/inch in the
soapstone and mix 443-23-4 did not ignite in the soapstone even though it burned at 0.5 sec/inch using the
brass channel. It appeared the higher heat capacity of the soapstone may have absorbed significant energy
from the reaction which inhibited ignition and slowed the reaction. In addition, the lower thermal
conductivity of the soapstone may have reduced the thermal energy available ahead of the flame front.
Mixes 7720 and 7742 tested using the polycarbonate channel and thinner soapstone did not appear to
significantly affect the results, which may be attributed to the faster burn times of these formulations. Due
to the lack of time, tests were not conducted with slower delay mixtures using the lighter test fixtures.

Testing indicated formulation 7742, a mixture similar to A1A gasless ignition powder, ignited
well and propagated down to a diameter of 0.020 inch. Although these mixtures burned very fast, 0.25
sec/inch, it was determined the burn rate could be reduced by adding SiO2, Si/Fe2O3 thermite, or by
varying the material morphologies. In addition to selecting mix 7742 an additional delay formulation
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(recommended by the Navy) containing Si/Sb2O3/Bi2O3, Mix 443-25-3, was tested. Table 8 shows test
results for the first series of optimized formulations.

Table 8: Extrudable Delay Testing using Soapstone Fixtures-Optimized Series 1 (all have Viton Binder)

Mix Formulation
Track

Size (in)
Comments

443-23-8 TALI-51 (similar to A1A ignition powder) + slow thermite (85:15) .051
0.75 sec/inch

¼” thick soapstone

443-23-8 TALI-51 (similar to A1A ignition powder) + slow thermite (85:15) .032
0.75 sec/inch

¼” thick soapstone

443-25-1 TALI-51 with (R9998 type Fe2O3) +  SiO2 .094
0.25 sec/inch

¼” thick soapstone

443-25-1 TALI-51 with (R9998 type Fe2O3) +  SiO2 .051
0.25 sec/inch

¼” thick soapstone

443-25-1 TALI-51 with (R9998 type Fe2O3) +  SiO2 .032
0.25 sec/inch

¼” thick soapstone

443-25-2 A1A 200/325 fuel with (R9998 type Fe2O3) +  SiO2 + Viton .094
No Ignition

¼” thick soapstone

443-25-2 A1A 200/325 fuel with (R9998 type Fe2O3) +  SiO2 +  Viton .094
Extinguished after 2”
¼” thick soapstone

443-25-3 Navy formulation +  Viton .094
Navy formulation

No Ignition
¼” thick soapstone

443-25-3 Navy formulation +  Viton .094
Navy Formulation

Extinguished after ½”
¼” thick soapstone

443-25-4 TALI-51 (similar to A1A ignition powder) + slow thermite (75:25) .094 1.25 sec/inch ¼” thick soapstone

Success of the blended Mix 7720 with 15% Si/Fe2O3 added, Mix 443-23-8, from the previous test
series warranted further testing. The Si/Fe2O3 thermite was prepared and then 15% of the material by
weight was blended with 85% of mix 7720. The resulting mix was tested in a 0.051 and 0.032 inch square
channel machined from the soapstone substrate. Both of the tests resulted in a slightly slower burn rate of
0.75 sec/inch than previously seen in the 0.094 inch channel tests. During the test series further variations
of Zr + Fe2O3, as well as Mix 443-25-3 were tested. Mix 443-25-3 snuffed during initial testing and was
removed from the test matrix. It was determined Mix 443-25-3 may be better suited in a pressed column.
The R9998 Fe2O3 (1.4 µ) utilized in Mix 443-25-1 and 443-25-2 blends was more coarse than the T6.01
Fe2O3 (0.75 µ) used in the baseline formulation, Mixes 7720 and 7742. The results of the testing showed
small variation in particle size of the Fe2O3 had no noticeable effect on the burn rate of the material.
However, Mix 443-25-2 also used a coarser metal (-200/+325 mesh), which greatly affected both the
ignitability and burn rate of the material. The last test in this series, Mix 443-25-4, loaded in a 0.094 inch
channel burned at 1.25 sec/inch, which approached the target burn rate of 1.72 sec/inch.

Table 9 shows the Series 2 tests to optimize the Zr/Fe2O3/SiO2/Viton + Si/Fe2O3 thermite
mixtures.
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Table 9: Extrudable Delay Testing using Soapstone Fixtures-Optimized Series 2 (all have Viton)

Mix
Formulation (wt:wt)

Track
Size
(in)

Comments

443-26-1
TALI-51 (similar to A1A ignition powder) + slow

thermite (75:25)
.063 3.0 sec/inch, ½” thick soapstone

443-26-1
TALI-51 (similar to A1A ignition powder) + slow

thermite (75:25)
.032 Extinguished at 1.7”, ½” thick soapstone

443-26-1
TALI-51 (similar to A1A ignition powder) + slow

thermite (75:25)
.020 Extinguished at 1.5”, ½” thick soapstone

443-26-2
TALI-51 (similar to A1A ignition powder) + slow

thermite (65:35)
.063 2.75 sec/inch, ½” thick soapstone

443-26-2
TALI-51 (similar to A1A ignition powder) + slow

thermite (65:35)
.032 Extinguished at 2.1”, ½” thick soapstone

443-26-2
TALI-51 (similar to A1A ignition powder) + slow

thermite (65:35)
.020 No Ignition, ½” thick soapstone

Mix 443-26-1 and 443-26-2 tested in the 0.063 inch square channel sustained a burn rate of 3.0
and 2.75 sec/inch, respectively. However, all other tests performed using these formulations in smaller
square channels would not sustain ignition. The less than acceptable results of the Series 2 tests prompted
a retest of Mix 443-25-1, which was prepared utilizing a larger particle size Fe2O3 and a further
evaluation of Mix 443-25-1 to see if the combination of a fine Zr metal with the coarse Fe2O3 would
perform satisfactorily, Test Series 3. Table 10 shows the test results from Series 3.

Table 10: Extrudable Delay Testing using Soapstone Fixtures-Optimized Series 3 (all have Viton)

Mix
Formulation Track

Size (in)
Comments

443-25-1
2 tests

TALI-51 (similar to A1A ignition powder) .063 0.9-1.0 sec/inch, ½” thick soapstone

443-25-1
2 tests

TALI-51 (similar to A1A ignition powder) .020 1.0 sec/inch, ½” thick soapstone

443-26-4
4 tests

TALI-51 (similar to A1A ignition powder) +
slow (80:20)

.063 2-2.14 sec/inch, ½” thick soapstone

443-26-4
3 tests

TALI-51 (similar to A1A ignition powder) +
slow thermite (80:20)

.051 1.97-2.17 sec/inch, ½”” thick soapstone

443-26-4
2 tests

TALI-51 (similar to A1A ignition powder) +
slow thermite (80:20)

.032
No Ignition, ½” thick soapstone

Extinguished halfway, ¼” thick soapstone
443-26-4

1 test
TALI-51 (similar to A1A ignition powder) +

slow thermite (80:20)
.020 No Ignition, ½” thick soapstone

Test results show Mix 443-25-1 burned at 1.0 sec/inch, which was considerably slower than the
0.25 sec/inch burn rate previously observed. It is unknown at this time if the material became
contaminated making the results suspect. Mix 443-26-4 had a burn rate of roughly 2.0 sec/inch, but
ignition was unreliable in the 0.051 inch channel and failed to sustain ignition in a channel below 0.051
inch. Although neither formulation burned at the desired 1.72 sec/inch the results of the tests were
promising, indicating a modified version of the formulations may achieve the target burn rate. The fact
Mix 443-25-1 sustained burning in the 0.020 inch width channel suggests the small cross section may be
achievable.

Series 4 evaluated the addition of potassium periodate (KIO4) to serve as an ignition enhancer.
Previous test results showed KIO4 enhanced ignition without significantly affecting the burning behavior.
This could be beneficial to allow a material to burn slow enough, but yet sustain ignition in a narrow
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confinement. Mix 443-28-1 was made by adding KIO4 to the 443-26-4 mix formulation. Table 11 shows
tests results for Mix 443-28-1.

Table 11: Extrudable Delay Testing using Soapstone Fixtures-Optimized Series 4 (all have Viton)

Mix
Formulation Track

Size (in)
Comments

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.051 1.49 sec/inch, ½” thick soapstone

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.051 1.49 sec/inch, ½” thick soapstone

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.032 1.63 sec/inch, ½” thick soapstone

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.032 1.51 sec/inch, ½” thick soapstone

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.020 1.51 sec/inch, ½” thick soapstone

443-28-1
TALI-51 (similar to A1A ignition powder)

+ slow thermite (80:20)+enhancer
.020 1.51 sec/inch, ½” thick soapstone

Results shown in Table 11 indicate the addition of KIO4 increased the burn rate of Mix 443-26-4
(Table 10) from approximately 2 sec/inch to 1.5 sec/inch and successfully propagated down to 0.020 inch.
This was a significant step to achieving the delay time requirement of 1.72 secs/inch with reliable
propagation.

Series 5 looked to reduce the burn rate of Mix 443-28-1 by reducing the KIO4 content. Table 12
shows the test results.

Table 12: Extrudable Delay Testing using Soapstone Fixtures-Optimized Series 5 (all have Viton)

Mix
Formulation

pbw
Track

Size (in)
Comments

443-28-5
TALI-51 (similar to A1A ignition powder) + slow

thermite (80:20)+enhancer
.051

1.8 sec/inch
½” thick soapstone

443-28-5
TALI-51 (similar to A1A ignition powder) + slow

thermite (80:20)+enhancer
.032

1.8 sec/inch
½” thick soapstone

443-28-5
TALI-51 (similar to A1A ignition powder) + slow

thermite (80:20)+enhancer
.032

1.8 sec/inch
½” thick soapstone

443-28-5
TALI-51 (similar to A1A ignition powder) + slow

thermite (80:20)+enhancer
.020

2.0 sec/inch
¼” thick soapstone

Mix 443-28-5 had a burn rate of approximately 1.8 sec/inch and reliable ignition down to 0.020
inches. These results are in the range of the target of 1.72 sec/inch and can be easily adjusted to
accommodate the small difference in burning time. Figure 3 are still photos showing the controlled flame
front propagating down the channel at a constant rate moving from left to right. This low heat signature is
optimal for burn time precision.
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Figure 3: Delay Test: Mix 443-28-5 Burning Signature Near Ignition and After Halfway Point

Series 6 tests added SiO2 (inert) to Mix 7742 (Table 7) to determine if the burning rate could be
reduced to meet the requirements. See Table 13 for the results.

Table 13: Extrudable Delay Tests using Soapstone-Adding SiO2 to Baseline, Series 6 (all have Viton)

Mix
Formulation

pbw
Track

Size (in)
Comments

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .051
0.83 sec/inch

¼” thick soapstone

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .051
0.71 sec/inch

½” thick soapstone

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .032
0.79 sec/inch

½” thick soapstone

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .032
0.78 sec/inch

½” thick soapstone

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .020
0.88 sec/inch

½” thick soapstone

443-28-2 TALI-51 (similar to A1A ignition powder) +extra SiO2 .020
0.86 sec/inch

½” thick soapstone

Test results show adding more SiO2 powder to the baseline formulation slowed the burn rate from
0.25 sec/inch to 0.7-0.9 sec/inch and successfully propagated down to 0.020 inches. Although the burn
rate was lowered it was still too fast for the intended application. Since Mix 443-28-5 from Table 13 met
the performance requirement it was ultimately downselected as the formulation for Phase II. It should be
noted the delay may exhibited different burning behavior in the customer device. The burning time can be
adjusted by varying the Si to Zr ratio in the formulation.

3.4 Hazards and Compatibility Testing

Hazard testing was performed on several formulations throughout the project to ensure the
formulations could be prepared safely. See Table 14 for the results.

Table 14: Hazards Testing Results

Mix No.
BAM Friction

(N)
Indirect Impact

(kg-cm)
ESD
(J)

DSC
Onset

(C)
443-3-1 360 200 Not tested Not tested
443-3-4 360 200 Not tested 314

443-13-1 60 200 Not tested Not tested
443-13-2 360 200 Not tested Not tested
443-16-1 64 200 Not tested Not tested
443-16-4 360 200 Not tested Not tested
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443-16-6 360 200 Not tested Not tested
443-19-3 360 160 Not tested 458
443-28-5

(Final Delay
composition)

360 200 0.025 363

TALI-27 (A1A) 40 200 0.001 427
HMX 80 32 Not tested 275

Note: The entry in bold is the downselected formulation, 443-28-5 and shaded entries were tested as standards.
Note: ESD was not performed on several formulations, since the ESD tester was out for service.

Hazard testing results show the formulations could be made safely utilizing general energetic
processing methods. It also shows the addition of MnO2 has a direct effect in increasing the BAM Friction
sensitivity of two different formulations. The final formulation, Mix 443-28-5, is insensitive to both
friction and impact, but did exhibit ESD sensitivity. Since this mixture is processed and extruded wet the
operator is exposed to only very small quantities of dried material and was determined to be safe to
handle.

Compatibility was also conducted between Mix 443-28-5 and 80:20 ignition powder
(A1A/BKNO3). Table 15 shows the oven compatibility results.

Table 15: Oven Compatibility Results

Mix No
Duration

at 75 °C (hr)

Weight Loss

(%) Comments

443-28-5 88 <0.01 Final Delay
443-22-2 88 0.18 80:20 Ignition Powder

443-28-5+443-22-2 88 0.17 Final Delay +ign powder

The samples did not show any change in appearance after aging for 88 hrs at 75°C and had
minimal weight loss, which is an indication the materials are compatible. See Table 16 for the DSC
compatibility results.

Table 16: DSC Compatibility Results

Mix No DSC Run
Exotherm

Onset
Avg°C

ExothermPeak 1
Avg°C

ExothermPeak 2
Avg°C

443-22-2 80:20 Igniter mix 331 342 414
443-22-2V 80:20 Igniter mix + Viton 328 342 400
443-28-5 Final Delay Mix (w/Viton) 332 346 414
443-30-1 Final Delay Mix (No Viton) 332 346 427

443-30-1+443-22-2
Final Delay Mix (No Viton) + 80:20 igniter

mix
332 349 428

443-28-5+443-22-2
Final Delay mix (w/Viton) + 80:20 igniter

mix
332 346 414

Samples were tested according to STANAG 4147 Test 4 to measure the peak exotherm in order
to determine compatibility. The DSC measured two peak exotherms. Onset of the first peak was between
328-332 ºC with an exotherm between 342-349 ºC. The second peak had an exotherm between 400-428
ºC without any defined onset, because the second peak was a continuation from the first reaction. All
compatibility was determined using the peak from the first exotherm since it is an indication of thermal
ignition of the formulation and assumed to be self-heating. Based on the first peak exotherm the delay
formulations with and without binder appear to be compatible with the 80:20 igniter mixtures IAW
STANAG 4147. However, additional testing using an alternate compatibility method would need to be
conducted for confirmation.
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4.0 Conclusion

The US Navy funded Nammo Talley to develop a green pyrotechnic delay replacement for the
standard tungsten/barium chromate delay formulation. The tungsten/barium chromate formulation is
robust, reliable, and produces repeatable performance. However, the ingredients are very hazardous and
are a threat to the environment. Barium chromate is a known carcinogen and potassium perchlorate is a
suspected wastewater contaminant. The goal of this program was to formulate an extrudable delay
composition using non-hazardous ingredients to provide equal or better performance than the standard
delay. The required burn time for the delay fuse is 1.0 to 6.0 seconds across a temperature range of -65 to
200 ºF.

Following a literature search, theoretical calculations, formulation downselect and screening tests
were performed. Candidate materials were identified as being easy to ignite, burn with moderate to high
heat, and produce minimal gas. NewPEP calculations revealed several candidates with desirable
characteristics such as flame temperature >1800K, heat of reaction >300 cal/g and gas production less
than 0.2 moles per 100 grams.

Burn testing involved open burning of powders and compositions extruded in 0.097 inch brass
channels followed by soapstone with a known cross sectional dimension of 0.094-0.020 inches. Open
burning of powders was an effective way to evaluate ignitability and burning behavior quickly helping
with the downselection process. Initial results showed the zirconium/iron oxide/silicon oxide formulation,
Mix 7742, burned well but was too fast for the intended application. Therefore, a reiterative process was
started to optimize the formulation for the targeted burn rate. The final composition, Mix 443-28-5, had a
burn rate of 1.8 seconds/inch at the 0.020 inch wide channel, meeting the objective of Phase 1.

Material Safety testing showed the material is insensitive to friction and impact, but even though
the material is ESD sensitive it is less sensitive than A1A powder. This logic indicates the composition is
safe to process if the safety standards for A1A are used. Initial compatibility testing shows the
formulation is compatible with the 80:20 ignition mix; however the DSC is a screening tool and it is
recommended to perform additional compatibility testing such as vacuum thermal stability testing in the
future.

5.0 Recommendations

Recommendations for Phase 2 include testing the final formulation, Mix 443-28-5, in a closed
system with additional testing using intermediate zirconium particle sizes to determine its effect on the
ESD sensitivity, as well as reactivity. The delay formulation should also be evaluated for performance
between -65 and +200 ºF with additional compatibility testing to verify chemical compatibility between
the delay formulation and the 80:20 ignition powder.
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The Properties of Pyrotechnic Compositions based on Boron and Bismuth
Trioxide

A.E. Cardell1 and T.T. Griffiths

QinetiQ, Fort Halstead, Sevenoaks, UK.

ABSTRACT

For many years, the UK has used pyrotechnic compositions containing boron and bismuth trioxide to make
relatively gasless delays. These compositions can be formulated to give a wide range of burning rates and
propagate reliably in narrow channels. Some formulations also have the advantage of being stab sensitive
but because the compositions are electrostatically sensitive they have to be mixed and handled under fully
conducting conditions. The burning rate of compositions containing from 5% to 50% boron were
determined in lead cord; the maximum burning rate was recorded at the 15% boron level. For 10% boron-
90% bismuth trioxide composition a small decrease in burning rate was observed as the consolidation
pressure used to fill the cord was increased from 69 MPa to 276 MPa. When delays containing this
composition were tested over the temperature range +70 °C to -70 °C, an almost linear increase in burning
rate with increasing temperature was observed. The parameters affecting the stab sensitivity of the
composition containing 10% boron were examined. When tested at extremes of temperature this
composition was found to reliably initiate during drop tests but the burning rate decreased almost linearly by
around 1 mm s-1 for each 10 °C reduction in conditioning temperature. Under the standard test conditions
compositions containing up to 25% boron were found to be stab sensitive.

Introduction

When reliable, accurate and relatively inexpensive methods of timing are required, pyrotechnic
delays are often used. They have many advantages over electronic systems, in particular, they require no
power source, are more robust and are unaffected by an Electromagnetic Pulse. The compositions used
can either be gas producing [1] or relatively gasless [2, 3]. Relatively gasless compositions are based on
materials which give solid state reactions, the small amount of gas produced results from the decomposition
of impurities in the ingredients or a change in state of the water adsorbed on the surface of the ingredients.

Pyrotechnic compositions containing boron and bismuth trioxide are easy to manufacture and have
consistent burning rates which can be varied widely by varying the ratio of the ingredients or by dilution
with other materials for example metal oxides. The compositions propagate reliably in narrow channels, are
relatively gasless when they burn and some are sensitive to stab initiation. They have the disadvantage of
being electrostatically sensitive and they therefore have to be mixed and handled under fully conducting
conditions.

In previous work, the pyrotechnic and thermal properties of selected boron and bismuth trioxide
compositions were reported [2] and their performance in enclosed pyrotechnic delays was described [3].
This paper reports burning rate data for a range of compositions and describes studies to investigate the
parameters that affect the stab initiation of a composition containing 10% boron (SR57). Using these results,
a standard drop test was defined and used to study the stab ignition characteristics of SR57 at different
temperatures and those of several different boron-bismuth trioxide compositions.

1 A.E. Cardell has retired from QinetiQ.
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Experimental

Composition mixing

A 10% boron-90% bismuth trioxide composition (SR57) was prepared by sieve mixing Trona2

boron and bismuth trioxide. Before mixing, the bismuth trioxide was dried for 12 hours at 110 °C and both
ingredients were passed through a 63 µm mesh sieve. In addition, a range of boron-bismuth trioxide
compositions containing from 5% to 50 % boron at 5% intervals were prepared.

Cord filling and manufacture

The compositions were hand stemmed into a standard 150 mm long lead tube which had an internal
diameter of 11.1 mm and wall thickness of 1.6 mm. One end of the lead tube was crimped before filling and
once filled the other end was similarly crimped. The tube was passed through a set of mechanical rollers
which reduced the outside diameter of the tube and thus consolidated the composition. The tube was passed
twice through each roller and rotated through 90° prior to the second pass; the end of the tube being fed into
the rollers was alternated. At the final diameter of 6.35 mm the tube was rolled five times.

Delay preparation

A 7.6 or 15.9 mm length of the filled lead cord was pressed into a steel delay sleeve at a
consolidation pressure which was generally 276 MPa.

Burning rate

The burning rates of the compositions were determined after filling into 6.35 mm diameter cords.
The burning times were recorded electronically; the firing pulse was used to start the timer and a photocell
recorded burn though of the composition. Ignition was achieved with an E-type fuzehead.

Burning rate determinations were made on SR57 delays pressed at consolidation pressures in the
range 34 MPa to 276 MPa and SR57 delays pressed at the highest consolidation pressure and conditioned
for a minimum of 5 hours at +70 °C, +35 °C, 0 °C, -35 °C and -70 °C.  In addition, the burning rates of
compositions containing from 5% to 50% boron at 5% intervals were established in 50 mm lengths of cord.

Stab sensitivity determinations

Drop tests were performed on pyrotechnic compositions filled into lead and pressed into steel delay
holders. An electromagnet system was used to release a 25g drop test weight (Figure 1), incorporating a
striker with a closely defined profile (Figure 2), from different heights. The striker which had an inclusive
angle of 30 degrees was generally allowed to make the maximum penetration into the pressed face of the
delay.

In the first series of experiments, cord filled with SR57 and pressed at 276 MPa into the delay
sleeves was tested at drop heights in the range 160 mmm to 400 mm; in each case twenty delays were
tested.

2 Trona boron contains around 90% amorphous boron, 1.5% boron sub-oxide, 4% boric acid, boric oxide
and various borates, trace amounts of rhombohedral boron and boron nitride and 5% magnesium which is
present as oxide, borates and possibly borides. The Fisher sub-sieve particle size is typically 0.7 µm.

192



Studies were then performed on SR57 at a constant drop height of 296 mm to establish the effects
of changing a number of other parameters. These included:

 changing the delay consolidation pressure over the range 34 MPa to 276 MPa
 controlling the penetration of the striker over the range 0.25 to 4.06 mm
 using strikers with profiles giving inclusive angles of 15, 30, 45 and 60 degrees

For these experiments, ten delays were tested at each level.

Drop tests were performed on SR57 after conditioning delays and striker at a range of temperatures
(+70 °C, +35 °C, 0 °C, -35 °C and -70 °C) for a minimum of 5 hours; twenty delays were tested at each
temperature. These tests were conducted on delays pressed at 276 MPa at an impact height of 296 mm using
a 30 degree inclusive angle striker and allowing maximum penetration of the striker. These parameters were
also used for a series of drop tests on the boron-bismuth trioxide compositions containing from 5% to 50%
boron; in this case ten delays were tested at each level of boron.

Results

Burning rate studies

The burning rates of SR57 filled into lead and pressed into steel delay sleeves at different pressures
are given in Table 1 and shown in Figure 3. Although they showed some variation, over the range 69 MPa
to 276 MPa a small decrease in burning rate with increasing consolidation pressure is apparent. Compared to
the other results, the delays pressed at 34 MPa had a considerably lower burning rate which suggests a
pressing load of around 69MPa is required to consolidate the cord.

Burning rate data for SR57 which had been conditioned at 70 °C, 35 °C, 0 °C, -35 °C  or -70 °C are
given in Table 2 and presented in Figure 4. An almost linear increase in burning rate with increasing
temperature was observed. The burning rate result obtained during the initial pressing study has not been
included because the composition was prepared with a different batch of ingredients.

The burning rates for the range of boron-bismuth trioxide compositions in 6.35 diameter lead cord
are given in Table 3 and shown plotted in Figure 5. The burning rate initially increased with boron content,
once a boron content of 15% was exceeded the burning rate fell rapidly; at 50% boron the composition
failed to sustain combustion. The trend for these results agrees with those previously reported for SR57
pressed into delays [2].

Stab sensitivity determinations

The drop tests at different heights showed that reliable initiation of SR57 could be achieved at a
drop height of 280 mm (Table 4). The results of tests performed at a drop height of 296 mm on SR57 delays
pressed at different consolidation pressures are shown in Table 5; reliable initiation was achieved for delays
pressed at a consolidation pressure of at least 172 MPa.

The evaluation of the effect on depth of striker penetration on ignition reliability showed that the
composition ignites reliably over the entire range examined (Table 6). In the case of the test at 2.79 mm
where one striker failed to initiate the composition an examination of the striker confirmed it conformed to
the drawing and the reason for the failure could not be explained.

When considering the striker profile, the results in Table 7 show that only strikers with a terminal
inclusive angle of 15 degrees were reliably initiating the composition; however an examination of the single
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failure at 30 degrees showed that the area of the striker tip was considerably greater than it should have
been. When SR57 delays pressed at 276 MPa were tested using the standard conditions (impact height of
296 mm, striker with a 30 degree inclusive angle and allowing maximum penetration) reliable initiation was
observed over the conditioning temperature range +70 °C to -70 °C (Table 2).

Studies on the range of boron-bismuth trioxide compositions under the standard conditions showed
that those containing 5% to 25% boron were stab sensitive (Table 3).

Conclusions

For SR57, as the consolidation pressure used to fill the delays increased from 69 MPa to 276 MPa
the burning rate decreased by around 5%. When conditioned over the range -70 °C  to +70 °C, an almost
liner increase in burning rate for delays filled with SR57 was observed; each 10 °C  change in temperature
resulted in an increase in burning rate of around 1 mm s-1. Boron-bismuth trioxide compositions containing
up to 45% boron sustained combustion in 6.35 mmm diameter lead cords, the highest burning rate of around
41 mm s-1 was observed at the 15% boron level.

For SR57, delays pressed at 276 MPa were reliably initiated by a standard striker at a drop height of
280 mm or greater. Inhibiting the depth of penetration or conditioning the delays and strikers from +70 °C
to -70 °C had little effect on initiation but strikers with an inclusive angle greater than 30 degrees were less
effective. The surface area on the tip of the striker appears to be a key parameter and the effect of changing
it needs to be investigated further.

Under the standard conditions selected, boron-bismuth trioxide compositions containing up to 25%
boron were found to be stab sensitive.
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Tables

Table 1; Burning rates for SR57 in delays pressed at different consolidation pressures.

Consolidation
Pressure
(MPa)

Burning rate
(mms-1)

Consolidation
Pressure
(MPa)

Burning rate
(mms-1)

34 40.7 172 43.3

69 45.4 207 44.8

103 44.8 241 45.0

138 45.4 276 43.1

Table 2; Burning rate and stab initiation data for SR57 in delays pressed at 276 MPa and tested at
different temperatures.

Temperature
(°C)

Burning rate
(mms-1)

Failures to ignite
(%)

+70 44.6 0

+35 40.1 0

0 36.4 0

-35 33.2 0

-70 32.5 0

Table 3; Burning rate and stab initiation data for a range of boron-bismuth trioxide compositions.

Boron
(%)

Bismuth trioxide
(%)

Burning rate in lead
cord

(mm s-1)

Failures to ignite
(%)

5 95 24.1 0

10 90 26.1 0

15 85 40.6 0

20 80 31.9 0

25 75 22.9 0

30 70 17.6 20

35 65 15.7 40

40 60 10.1 100

45 55 4.6 100

50 50 DNI 100
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Table 4; Failures to igniter with drop height for RS57.

Drop height
(mm)

Failures to ignite
(%)

Drop height
(mm)

Failures to ignite
(%)

160 45 300 0

180 45 320 0

200 15 340 0

220 5 360 0

240 0 380 0

260 10 400 0

280 0

Table 5; Failures to ignite with consolidation pressure for SR57.

Consolidation
Pressure
(MPa)

Failures to ignite
(%)

Consolidation
Pressure
(MPa)

Failures to ignite
(%)

34 100 172 0

689 100 207 0

103 75 241 0

138 55 276 0

Table 6; Failures to ignite with depth of striker penetration for SR57.

Depth of Striker
Penetration

(mm)

Failures to ignite
(%)

Depth of Striker
Penetration

(mm)

Failures to ignite
(%)

0.25 0 2.29 0

0.51 0 2.54 0

0.76 0 2.79 10

1.02 0 3.05 0

1.27 0 3.30 0

1.52 0 3.56 0

1.78 0 3.81 0

2.03 0 4.06 0

Table 7; Failures to ignite with striker profile angle for SR57.

Profile angle
(°)

Failures to ignite
(%)

Profile angle
(°)

Failures to ignite
(%)

60 60 30 10

45 30 15 0
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Figures

Figure 1; Schematic of drop weight

Figure 2; Striker design

Figure 3; Burning rate data for SR57 in delays at different consolidation pressures.
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Figure 4; Burning rate data for SR57 in delays after conditioning at different temperatures.

Figure 5; Burning rate data in lead cord for a range of boron-bismuth trioxide compositions.
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Titanium-Aluminum/PTFE Composite Particles  
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ABSTRACT 

 

Due to the high gravimetric and volumetric combustion enthalpy of titanium and aluminum both are 

commonly used as an ingredient in propellants, explosives, and pyrotechnics. One example of this is 

observed for the use of aluminum in composite solid propellants, where an increase in performance of up 

to 15% has been shown. Engineering particles with inclusion materials, such as polytetrafluoroethylene 

(PTFE) or low density polyethylene (LDPE), has previously been shown to decrease agglomerate size in 

composite propellant formulations due to their microexplosion behavior. In this work, further engineering 

to enhance ignition of such particles is explored. In this case, Titanium was selected as an additive to 

enhance the ignitability. Small scale production of composite particles was achieved by first combining 

aluminum with titanium via high energy milling followed by the addition of PTFE. Composite particles 

are then characterized in terms of their ignitability, combustion enthalpy, size, surface area, and aging 

characteristics as a function of mill time and % PTFE addition. For example, for Ti-Al/PTFE (70/30 wt%) 

the surface area of the particles is shown to increase as a function of mill time from 1.80±0.32 m2/g to 

27.73±0.78 m2/g. Heat of combustion values measured by oxygen bomb calorimetry remain constant over 

different mill times at 18.3 kJ/g.  Aging analysis was performed by comparing heat of combustion results 

of the initial material to material aged at 70°C, 30% relative humidity at two week intervals.   
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The Burning Rate of Mn + MnO2 and Mn + Sb2O3 Delay Compositions

Y.C. Montgomery, W.W. Focke, O. Del Fabbro, University of Pretoria, Pretoria, South Africa
C. Kelly, G. Labuschagnè, AEL Mining Service, Modderfontein, South Africa

ABSTRACT

Binary pyrotechnic systems containing Mn as fuel, with either MnO2 or Sb2O3 as the oxidants were investigated for
time delay applications. The d50 particle sizes of the Mn fuel, the MnO2 and Sb2O3 oxidant powders were 23.4, 8.25
and 0.92 m respectively. The delay elements comprised rolled lead tubes with a length of 44 mm and an outer
diameter of 6.4 mm. The rolling action compacted the pyrotechnic compositions to 53  2 % TMD for the system
Mn + MnO2 and 74  2 % TMD for the Mn + Sb2O3 system. With MnO2 as oxidant, the maximum adiabatic reaction
temperature (>2000 K) coincided with a fuel content or 38.7 wt-% corresponding to the reaction: Mn + MnO2 2
MnO. The burning rate at this stoichiometric composition was ca. 7.4 mm s1. Only one other composition,
containing 45 wt-% Mn as fuel, burned reliably at ca. 5.0 mm s1. EKVI thermodynamic modelling for Mn + Sb2O3

predicted two maxima in the adiabatic reaction temperature. The local maximum, at a manganese fuel content of
ca. 36 wt-%, corresponds to a pure thermite-type redox reaction: 3Mn + Sb2O3  3MnO + 2Sb. The overall
maximum in the adiabatic reaction temperature (ca. 1640 K), at the fuel-rich composition of 49 wt-% Mn, is
consistent with the reaction 5Mn + Sb2O3 3MnO + 2MnSb, i.e. a combination of the standard thermite with an
additional exothermic intermetallic reaction. The burning rate increased linearly from 4.2 to 9.4 mm s1 over the
composition range 25 - 50 wt-% Mn.

1 INTRODUCTION

Conventional pyrotechnics are based on intimate mixtures of two or more powders capable of a highly exothermic,
self-sustaining reaction.1 Systems based on reactions between two metallic elements (intermetallic) or redox
reactions between a metal and a metal oxide (thermite) are employed.2 Ignition requires an external energy impulse
that rapidly heats the mixture to a relatively high temperature.2 Once ignited, a steep reaction front develops that
propagates through the mixture as it converts the reactants into products. The reaction front will be relatively
sharp and self-sustaining provided both the heat of reaction and the activation energy feature high values.3

Time-delay pyrotechnic compositions are usually compacted into small-diameter tubes. A constant burning rate is
desired to ensure that the transmission of an initiation impulse occurs in a precisely adjustable time interval. Thus
delay compositions that burn at a constant predetermined rate in an essentially gasless fashion are preferred.4 The
actual time delay realized is determined by the nature of the reactants, the stoichiometry of the pyrotechnic
composition, the dimensions of the column, i.e. its length and diameter, and the material of construction of the tube
walls.5 The actual combustion event in the column is governed by a number of parameters.5b The thermal diffusivity
of the mixture is always important as wave propagation depends on re-ignition of adjacent layers along the burning
path. Good mixing and adequate particle-particle contact between reactants (i.e. efficient particle packing) is a
prerequisite for stable and reproducible burning.

Numerous theoretical models for the self-propagating layer-to-layer reactions in the solid phase have been
developed.3, 6 They link the linear rate of progression of the reaction zone along a cylindrical packed column with
the chemical nature and physical properties of the constituents. This includes the state of subdivision powders
and the apparent reaction kinetics between the constituents.6a It is implicitly assumed that the composition is well
mixed. Two limiting kinetic cases can be discerned. Purely homogeneous chemical kinetics controlled or
heterogeneous mass transport (i.e. diffusion) limited.6b Both types of processes may be analysed in the realistic limit
of large activation energies for either diffusion or reaction. The simplest chemical kinetic theory6g assumes
composition- and temperature-independent physical properties, the absence of phase transitions, a thin reaction zone
and a gasless exothermic nth order solid-state reaction. Assuming an Arrhenius-type temperature dependence for the
rate constant yields the following expression for the linear burning rate:
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where u is the combustion wave velocity in m s1; g(n) is a dimensionless function of the reaction order n that
assumes values between 0.5 and 2; R is the gas constant (8.314 J mol1K1); To is the initial temperature and Tc is
the maximum temperature of the burning column; k and ko are the reaction rate constant and Arrhenius pre-
exponential factor in s1; Ea is the apparent Arrhenius activation energy in J mol1; and  is the effective thermal
diffusivity in m2s1.

Alternatively, when the condensed phase reactions are mass and energy transport limited, the reaction rate is
determined by the thermal and mass diffusivities together with the reagent particle sizes.2 The latter determine the
thickness of the diffusion barrier. Analysis of the diffusion controlled situation requires information on the
geometric arrangement of the reacting particles including particle sizes. Quantitative correlations between the
reaction rate and the number of contact points between particles are potentially useful for reaction-rate analysis of
a wide range of powder systems in which particle sizes and the mixing ratio are varied independently.7 Only the
simplest theoretical model is considered here as it suffices to rationalize the present experimental observations. The
reactant geometry is approximated by a structure of alternating layers of the components with the relative
thicknesses determined by the reagent stoichiometry and their densities.2, 6f This yields the following expression for
the velocity of propagation:6f
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where Do and ED are the effective pre-exponential (in m2s1) and apparent activation energy (in J mol1) for the
diffusion coefficient and d is a measure of the particle size distribution of the reactants. The interpretation of the
other are variables is similar to those in equation (1).

Equation (2) predicts that the burning rate varies linearly with the inverse of particle size. Numerous studies on the
effect of the fuel particle size, especially on compositions containing Si as fuel, confirmed that burning rate increases
with decreasing particle size and increasing surface area.8 Wider particle size distributions lead to increased packing
density which in turn translates into faster burning rates.9

Equations (1) and (2) both suggest that a slow burn rate requires a composition characterized by a reaction with a
very large activation energy and relatively low exothermicity. They also identify the combustion wave temperature,
Tc, as a significant variable affecting burning rate. Adjusting stoichiometry and the addition of inert substances can
control it. The temperature of the wave front is also affected by transverse heat losses and hence by the nature of
material used for tube construction.

Equations (1) and (2) were derived under the assumption that no phase transition occurs. However, the effect of the
latter, on the steady reaction wave propagation rate, only expresses itself in terms of a reduction in the combustion
temperature Tc. Thus it may easily be taken care of by considering an effective heat capacity for the mixture.10

It is customary to refer to the combustion phenomenon of pyrotechnic composition as a solid-solid reaction.
However diffusion rates, which determine the local reaction rate, are very low when both reactants are solids. In
addition, the amount of surface-to-surface contact between the solid particles is limited. Also, the combustion of
gasless systems is, as a rule, accompanied by melting of one or more constituents because of  the considerable
exothermicity and correspondingly high combustion temperatures.10 When one of the reactants liquefies it can coat
the particles that remain solid and thereby significantly increase the local reaction rate.2 A liquid phase may form
when either a reactant or an intermediate with a low melting point is present. Ideally the adiabatic reaction
temperature must exceed the melting point in order to ensure a self-propagating reaction, although the ignition
temperature may well be below the melting point of either constituent.11

The reactions may also occur through a gas phase process when, for example, the oxide decomposes to release
oxygen that then attacks and reacts with the fuel particles. This has implications for the packing of the particle and
the porosity of the packed bed or even the particles themselves. For example, the reactions of iron with BaO2, SrO2

or KMnO4 are considered solid-gas-solid reactions.12 These oxidants decompose without melting to produce oxygen
gas and a solid residue.12b Iron powder is oxidised by gaseous oxygen at temperatures (150°C) well below the
melting point of iron (1535°C). The rate controlling reactions in the pyrotechnic mixtures may thus be either solid-
solid, solid-liquid or solid-gas reactions.13 For example, when one of the fuel constituents is magnesium,
the reaction rate is controlled almost solely by the evolution of magnesium vapour.1b
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This study considered manganese as fuel together with either MnO2 or Sb2O3 as oxidants. The combination of Mn
with MnO2 is expected to fall in the category of solid-gas-solid reactions.14 Sb2O3 starts to sublimate at around
450°C so it is of interest as it is the oxidant, rather than the fuel, that forms a vapour at reaction temperatures. Hence
the objective was to study the effects of particle size and particle size distribution on packing density and burning
rate.

2 EXPERIMENTAL

2.1 MATERIALS

A wide range of proprietary manganese and antimony oxide powders as well as a sample of manganese dioxide
were collected. Their characteristics are listed in Table 1. Some were supposed to be nano-sized powders but this
was clearly not the case.

2.2 CHARACTERIZATION

Particle size distributions were measured using a Mastersizer Hydrosizer 2000. The BET surface area of the powders
was determined using the single point technique with a Micromeritics TriStar II instrument. The morphology of the
powders were studied with a Zeiss Ultra 55 FESEM field emission scanning electron microscope (FESEM) at an
acceleration voltage of either 1 kV or 2 kV. It was fitted with an InLens detector. Particle packing in compacts were
imaged with a JEOL JSM-IT300LV scanning electron microscope (SEM).

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo A851 simultaneous TGA/SDTA instrument.
About 20 mg of powder sample was placed in open 70 μL alumina pans. Temperature was scanned from 25 to
1300C at a rate of 20C min1 with oxygen flowing at 50 mL min1.

X-ray diffraction (XRD) analysis was performed on a Siemens D-501 automated diffractometer using CuK
radiation ( = 1.5406Å) operated at 40 kV and 40 mA. This apparatus is equipped with a divergence slit of 1 and
a receiving slit of 0.05. The samples were scanned from between 3 to 70 on the 2-scale with a counting time of
1.5 s at room temperature. Phase composition was estimated using Rietveld refinement.

2.3 MODELING

Thermodynamic simulations were done using the EKVI thermodynamic simulation software. The adiabatic reaction
temperature and the product spectra were determined as a function of the fuel content of the compositions.

2.4 PREPARATION METHODS

A brush-mixing technique was used to disintegrate particle  agglomerates and facilitate proper mixing of the binary
powder compositions. The mixtures were repeatedly (five times) brushed through a 63 µm sieve. The resulting
powder compositions (11 g) were poured into 166 mm lead tubes with average inner and outer diameters of 7 mm
and 11.5 mm respectively. The tubes were sealed and subjected to a ten-step proprietary rolling machine that
compressed and consolidated the powders. The final step of the rolling procedure delivered a final tube outer
diameter of 6.4 mm. The length and core diameter depended on the packing density of the filled composition. Delay
elements were prepared by cutting the rolled lead tubes into 44 mm lengths. A proprietary starter composition was
used to ensure consistent ignition of the delay compositions. A short section of the delay composition was removed
from the core and replaced with the starter composition.

2.5 BURNING RATE MEASUREMENTS

The burning rates were measured by assembling the delay elements into commercial detonators. The detonators
consisted of an aluminium shell containing a section of a primary explosive (lead azide) and a high explosive
(pentaerythritol tetranitrate) followed by the lead-drawn delay element. The detonators were initiated via shock tube
ignited by an electric firing device. The burning rate was determined from the time interval recorded between the
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triggering of a photoelectric cell and receiving a terminating signal from a pressure transducer. Tichapondwa et al.
15 provide a detailed discription of the test procedure.

Table 1. Characteristics of the constituent powders
Powder Type* d50 /µm <d># /µm BET§

[m2g1]Mn (A) micron 11.2 13.7  12.7 0.65
Mn (B) micron 13.2 18.1  16.4 0.61
Mn (C) nano 23.4 24.6  49.1 0.30
Mn (D) nano 25.2 34.2  33.2 0.39
Mn (E) micron 27.7 29.2  58.4 0.30
Mn (F) both 31.5 36.4  28.2 0.18
Mn (G) micron 32.9 41.8  40.7 0.19
MnO2 micron 8.3 13.9  12.9 14.0
Sb2O3 (a) nano 0.50 0.72  0.96 3.47
Sb2O3 (b) nano 0.53 0.68  0.95 3.00
Sb2O3 (c) micron 0.92 1.05  0.90 2.50

*SEM inspection: “nano“ = nanostructured and “micron“ = monolithic particles.
#Volumetric mean particle size with  one standard deviation. §BET surface area

3 RESULTS AND DISCUSSION

3.1 POWDER CHARACTERISTICS

All components were found to be X-ray pure except for the MnO2 oxidant which contained 7.3 wt-% Mn2O3. Table
1 lists particle size and BET surface area results.

Figure 1 shows representative FESEM images of the MnO2, Mn and Sb2O3 powder particles. The nano-MnO2

powder in Figure 1(a) and the nano-Mn powder in Figure 1(c) actually consist of relatively large particles formed
by agglomeration and fusion of nano-sized particles. This is confirmed by the close-up image of the Mn particle
surface shown in Figure 1(d). This means that none of the powders considered here were truly nano-sized. In contrast
the micron-Mn powder in Figure 1(b) consists of dense primary particles with a monolithic structure.

Representative TGA curves, obtained in an oxygen atmosphere, are shown in Figure 2. The Mn powder is gradually
oxidized to MnO and then to Mn2O3. This is followed by a decrease in mass at 950°C when the Mn2O3 is reduced
to Mn3O4. The final mass, for all the Mn powders, corresponded to an increase just below the theoretical expected
value of 38.7 wt-%. This indicates that, in relative terms, the initial oxide surface layer present on the fuel particles
was similar. The MnO2 curve shows two distinct mass loss steps that correspond to the reduction first to Mn2O3 and
then to Mn3O4. The oxidation of Mn3O4 to MnO commences well above 1200°C and this event is therefore not
visible in Figure 2. Sb2O3 sublimation starts at ca. 450°C but this is arrested by oxidation to Sb2O4 at around 460°C.
The Sb2O4 dissociates to Sb4O6 (g) above 1050°C which leads eventually to complete mass loss into the vapour
phase.14, 16

3.2 PARTICLE PACKING

Figure 3 shows SEM images of the compositions containing Mn (23.4 μm) mixed with Sb2O3 (0.5μm) and MnO2

(8.25 μm). The Sb2O3 particles show a distinct tendency to stick to the surface of the Mn particles but this is not the
case for MnO2. Therefore, compared to MnO2, the Sb2O3 powders have a greater affinity for the Mn surface. This
effect greatly assist the mixing process and helped to prevent particle segregation afterwards.

Particle packing density is defined as the fraction solid volume of particles present in a unit volume. It is equivalent
to one minus the porosity and it is usually expressed as a percentage. Experimental results of the TMD achieved in
both compositions are presented in Figure 4. The d50 particle sizes of the constituents were 23.4 m for Mn as fuel
with 0.92 m Sb2O3 and 8.25 m MnO2 as the oxidant powders respectively. The volumetric ratio, defined as the
ratio of the volume of the oxidant particles to the volume of the fuel particles present, is also plotted in Figure 4.
Interestingly, with the sample preparation methods used presently, the packing density was relatively insensitive to
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the fuel content of the compositions. This despite the fact that the volumetric ratio decreased from about four to
about unity.

Figure 1. FESEM images. (a) nano-MnO2 (8.3 m); (b) micron-Mn (31.4 m); (c) & (d) nano-Mn (25.2 m); (e)
nano-Sb2O3 (0.53 µm); and (f) micron-Sb2O3 (0.92 µm).

The distributions of particles in compacted  compositions were also analysed with SEM. Figure 5 shows SEM
images of compacted compositions containing Mn (11.2 μm) with (a) Sb2O3 (0.92 μm ) and (b) MnO2 (8.25 μm).
In the former case the fuel content was 36.1 wt-% while in the latter case it was 38.7 wt-% which corresponds to
the stoichiometric ratios when considering a purely redox type reaction. The volumetric ratio was calculated at 2.27
for the Mn + MnO2 system and 2.45 for the Mn + Sb2O3 system. The fuel particles used in Figure 3 were about two
and a half times smaller than those used to construct Figure 5 with the same size oxidants being used. Despite this,
it is clear from Figure 5 that the Mn particles are still dispersed in a “crowd” of smaller oxidant particles. This has
important implications for the number of contact points between the particles that can react with each other. Most
oxidant particles touch other oxidant articles rather than fuel particles which reduces the contact area through which
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solid-solid type reactions can occur. This further highlights the importance of proper mixing, as poor mixing could
result in large sections of composition consisting of only oxidant which could lead to inconsistent propagation and
partial reaction completion.

Figure 2. TGA results for Mn (27.7 µm), Sb2O3 (0.532 µm) and MnO2 (8.25 µm) recorded in an oxygen atmosphere.

Figure 3. SEM images of the mixed compositions containing the 23.4 μm Mn with (a) 0.5 μm Sb2O3 and (b) 8.25
μm MnO2.

3.3 EKVI SIMULATION RESULTS

The results of the EKVI simulations for the reactions of Mn with Sb2O3 and the reaction of Mn with MnO2 are
presented in Figures 6(a) and 6(b) respectively. The EKVI simulations indicate significant variation, in the adiabatic
flame temperature and the composition of the reaction products, with reagent stoichiometry. For the system Mn +
Sb2O3, a local maximum in the adiabatic reaction temperature (> 1640 K) is reached at a fuel content of 36.1 wt-%
and this corresponds to the reaction: 3 Mn + Sb2O3  3 MnO + 2 Sb.

Below this fuel content, unreacted Sb2O3 is found while above intermetallic compounds MnSb and MnSb2 are
formed depending on stoichiometry. At higher fuel content, unreacted Mn is also be present. A noteworthy feature
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of this system is the fact that the adiabatic flame temperature shows more-or-less a plateau value in the composition
range 35 wt-% to 55 wt-% fuel. This is attributed to the exothermic formation of the manganese antimony
intermetallic compounds.

The situation is much simpler when MnO2 is used as oxidant. The maximum adiabatic reaction temperature (>2000
K) coincides with a fuel content or 38.7 wt-% corresponding to the reaction: Mn + MnO2  2 MnO. Below this
fuel content, formation of Mn3O4 is predicted but above it unreacted Mn is the only other compound present in the
reaction products.

Figure 4. Experimental packing densities and calculated volumetric ratios (volume oxidant/volume fuel) as a
function of fuel content. The d50 particle size values of the constituents were 23.4 m for the Mn used as fuel
together with either 0.92 m Sb2O3 or 8.25 m MnO2.

Figure 5. SEM images of stoichiometric packed compositions containing the 11.2 μm Mn with (a) 0.915 μm Sb2O3

and (b) 8.25 μm MnO2.
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Figure 6. Adiabatic flame temperature and product formation resulting from EKVI thermodynamic simulations for
the reaction of (a) Mn with Sb2O3 and (b) the reaction of Mn with MnO2

Figure 7. Burning rate as a function of fuel content for the Mn + MnO2 and Mn + Sb2O3 systems. The d50 values
for the components were as follows: Mn fuel (23.4 µm), Sb2O3 (0.92 µm) and MnO2 (8.25 µm).

3.3 BURNING RATES

Figure 7 shows how the burning rate varied with fuel content in the two systems based on Mn (23.4 µm) as fuel
with either Sb2O3 (0.92 µm) or MnO2 (8.25 µm) as oxidant. In the Mn + MnO2 system, only the mixtures containing
38.7 wt-% and 45 wt-% showed sustained burning inside the lead tubes. The burning rate was significantly lower
for the fuel-rich compositions than the near-stoichiometric composition. This is consistent with the trends suggested
by both equations (1) and (2) as it mirrors the drop in the adiabatic flame temperature for this composition (See
Figure 7). Compositions based on Mn powders with d50 particle sizes of 25.2 μm, 31.5 μm and 32.9 μm and MnO2

as oxidant oxide failed to ignite. The reasons for this are not presently understood.

In contrast, the burning rate for the Mn + Sb2O3 system continued to increase with fuel content even into the fuel
rich region. This is attributed to the fact that the exothermicity of the reaction, and thus the value of the adiabatic
flame temperature, is maintained even when the fuel content increased well beyond the stoichiometric value (See
Figure 6).
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The effect of particle size on the burning rate was studied at the stoichiometric fuel content in both systems, i.e. of
38.7 wt-%. and 36.1 wt-%. Mn with MnO2 and Sb2O3 as oxides respectively. According to equation (2), the burning
rate could be proportional to the inverse of the mean partice size and such plots are shown Figures 8. Note that the
mixture particle size was taken as the volume-fraction-weighted harmonic mean of the fuel and oxidant particle
sizes. The proportionality constant K = u <d> was determined by the least squares method for both systems. The
straight lines in Figure 8 show predictions that are based on K = 96  13 and K = 143  20 for the MnO2 and Sb2O3

oxidants respectively. The large uncertainties, especially in the value of the constant K for the antimony trioxide-
based system, suggests that particle size is not the only factor determining the burning rate.

Figure 8. The effect of particle size and structure on the burning rate of (a) Mn + Sb2O3 containing 36.1 wt-% fuel
and (b) Mn + MnO2 compositions containing 38.7 wt-% fuel. Open symbols show results for nanostructured
particles while solid symbols denote monolithic particles.

Potential reasons include the particle shape and the presence of internal porosity. Internal particle porosity on the
one hand causes a reduction in thermal diffusivity that, according to both equation (1) and (2) could reduce the
burning rate. However, porosity facilitates transport of gaseous or liquid reagents into particle structures. This
enhances the mass diffusivity and according to equation (2) should lead to a faster reaction rate. So these two effect
counteract each other and which one dominates will depend on the specific situation.

4 SUMMARY

Manganese was considered as fuel in combination with either manganese dioxide or antimony trioxide as oxidants
in time-delay pyrotechnic compositions. Mn + Sb2O3 EKVI thermodynamic simulations revealed that above the
stoichiometric ratio both a redox reaction and an intermetallic reaction contribute to maintaining a high
exothermicity. This translated into higher burning rates at oxygen deficient compositions.

BET surface area measurements in combination with FESEM imaging indicate that all the powders considered in
this study were effectively micron-sized rather than nano-sized. While nano-sized domains were observed,
considerable agglomeration and fusion had welded the nano-sized particles into micron-sized units.

The packing density was not affected much by the volumetric ratio of the reactants in the mixture. Oxidant-oxidant
particle contacts dominated over fuel-oxidant particle contacts because the fuel particles were relatively large in
size. Hence, only compositions with high volumetric ratios actually ignited. The burning rate increased with
decreasing mean particle size in both systems consistent with diffusion-limited combustion kinetics. However, the
scatter in the data indicate that other effects, yet to be pinpointed exactly, must also have affected the rate of burning.
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Abstract

Titanium potassium perchlorate (TKP) powders subjected to an electrostatic dis-
charge (ESD) have been shown  to be sensitive to ignition from a standard human
body model waveform. Two particle sizes with differing morphologies  of titanium at
varying loading densities were ESD insulted to determine their ignition sensitivity.
By using a partially confined geometry  for the TKP powders the configuration more
closely relates to that of an  ignitor during production. This configuration shows a
trend in ignition related to  the density variation, from loose powder to ∼2.5 g/cc
(densities commonly found in ignitors) and  the discharge voltage from the standard
human body model waveform MIL-STD-331 (1), up to 25 kV. The results show a
difference in sensitivities between the two particle sizes of TKP powders tested. This
leads to an understanding of how pressed powder density, or the encompassed void
size based on the particle morphology, affects the spark  sensitivity. Pressed powders
were cross-sectioned and imaged to obtain quantitative microstructural data.   A cor-
relation can be drawn from the reaction of the powder to the available oxygen in the
void space, which agrees with Collins (2) findings.

1 Introduction

The production of pyrotechnic devices have consistently been plagued with unintentional initi-
ation. A main source of unintentional initiation corresponding to pyrotechnic powder is ESD.
This has led many manufacturers to adopt, modify, or create standards in order to assess the
level of sensitivity of a powder to an ESD, with some of them here as reference: MIL-STD-1751
(3), Carlson and Wood (4), STANAG 4490 (5), Westgate et al. (6). Standards typically define
the sensitivity level by comparing sensitivity of a loose powder to a reference energetic. The test
methods used in the standards also deviate from one another, but most stem from a version of
the ABL Model 150 ESD Sensitivity Tester (Hercules Aerospace Company, Allegany Ballistics
Laboratory, Rocket Center, West Virginia).

The sensitivity of pyrotechnics has led to large amounts of research and development on vari-
ations of pyrotechnics that have characteristics that are considered insensitive. A pyrotechnic of
interest here is TKP, an energetic that has been used for over 80 years (7). A variation that was
formulated to control the initiation characteristics through variations in the hydride stoichiom-
etry was titanium subhydride potassium perchlorate (THKP) (8). While this formulation does
desensitize the pyrotechnic to ESD initiation, it also makes intentional initiation more difficult.
ESD sensitivity not only is influenced by the formulation, but may be affected by particle surface
area (9), inferred from Collins et al. (10) work with available oxygen.

An aspect of ESD sensitivity that has not received a lot of attention is the effect of density on
spark ignition. In order to understand this relationship, a charge cavity of powder is pressed to
a dead stop (for column height consistency) and ESD insulted using a tester similar to the ABL
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Model 150 ESD Sensitivity Tester. The test follows MIL-STD-331 (1) for the standard human
body waveform, with the parameters of the base circuit listed in Table 1. Herein two variations of
TKP are studied. One TKP powder (TKP-I), is composed of 33% Ti and 67% KClO4 by weight.
TKP-I has a Ti particle size of 13±3µm at the 50th percentile and a minimum surface area of
3.5 m2/g. The other powder (TKP-II), has 41% Ti and 59% KClO4 by weight. TKP-II has a
Ti particle size of 20±4µm at the 50th percentile and a surface area range of 0.20-0.50 m2/g.
The KClO4 in both powders are specified to have a maximum particle size of 14 µm at the 50th

percentile.

Table 1: Specification for experimental setup using MIL-STD-331 (1).

MIL-STD-331

Maximum Voltage (kV) 25

Resistance (Ω) 500

Capacitance (pF) 500

Inductance (µH) 5

2 Experimental Setup

The two TKP powders were tested in a commercial boom box/firing system, Model 931 Firing
Test System, with the optional powder electrode assembly from electro-tech systems, inc. (a
stationary version of ABL Model 150 ESD Sensitivity Tester). The powder test electrode (PTE)
assembly consists of a needle electrode, an adjustable height grounded base with locking ring,
plus stainless steel plug counter-bored to hold the powder cup, shown in Figure 1(a). The powder
cup is made up of two pieces, a dielectric plastic (high density polyethylene) washer to confine
the sides, and an aluminum base with a small nipple in the center to serve as a conductive path.
TKP powders were pressed and tested within the charge cavity (�0.150×0.066 in.), shown in a
cutaway view in Figure 1(b).

Prior to testing of any powder a ringdown is performed to verify the waveform characteristics
meet expectations. To perform a ringdown an empty charge cavity is adjusted on the base to be
positioned slightly below the electrode tip (not in contact), and then the capacitor is discharged.
Figure 1(c) shows a typical ringdown of the entire assembly when the capacitor is charged to
its maximum 25 kV and recorded at 200 MHz. This measurement was taken via an in-line 2 Ω
current viewing resistor (CVR).

Testing on TKP powders is performed similarly to the ringdowns: the powder is positioned
slightly below the electrode tip, the capacitor is charged to a specified voltage, then the powder
is insulted with a single ESD. A current viewing transformer (CVT) is used to monitor the ESD
pulse since it is less intrusive to the system than a CVR.

3 Results and Discussion

The ESD tests were performed on the two variations of TKP powders, pressed at densities
ranging from ∼0.68 g/cc (loose) to ∼2.52 g/cc. This density range for TKP-I and -II corresponds
to 23%–85% theoretical maximum density (TMD) and 22%–82% TMD, respectively. The results
of the tests are considered either a “Go” when all of the powder in the charge cavity ignites and
is consumed or a “No-Go” otherwise. Figure 2 shows the outcome of comparing ESD voltage
versus pressed powder density.

There are a few interesting observations from the ESD testing shown in Figure 2. The TKP-II
while at a loose density ignites at 20 kV, it progressively becomes more sensitive up to ∼1.50 g/cc
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(a) Powder test electrode assembly.

(b) TKP powder charge cavity (dimensions
are shown in inches).

(c) Ringdown of entire experimental setup.

Figure 1: Experimental setup of powder test electrode (PTE) assembly (a), the needle probe tip
is stationary while the base is adjustable for height accommodations. PTE base is modified to
hold the powder charge cavity. The open to atmosphere, powder charge cavity (b) (shown in a
cutaway view), is confined on the sides with a dielectric and on the bottom with a conductive
aluminum plate (dimensions are shown in inches). (c) shows a voltage ringdown of the MIL-
STD-331 (1) electrical circuit across the resistor in a current viewing resistor (multiplied by the
resistance) and PTE assembly in series.

igniting at 7 kV. At higher densities, TKP-II decreases sensitivity and does not ignite with a
maximum discharge voltage 25 kV beyond ∼2.04 g/cc. TKP-I on the other hand does not show
a broad span of sensitivity variation with density. TKP-I at loose density is more sensitive than
TKP-II, igniting at voltages as low as 4 kV. There is a slight sensitivity increase at ∼1.00 g/cc,
ignition occurred as low as 3 kV. There is a steep drop in sensitivity of TKP-I and it is unable
to ignite with the maximum discharge voltage of 25 kV beyond ∼1.53 g/cc. There seems to be
regions of high sensitivity at moderate densities for both powders, and then at higher densities
they are unable to initiate.

To investigate reasons for the trends seen in the ESD sensitivity tests, the powder morpholo-
gies were imaged and analyzed. In order to image the pressed powder beds, cross-sections were
created using an ion beam milling technique. The cross-sectioned powders were then imaged us-
ing scanning electron microscopy (SEM). TKP-I and -II samples were cross-sectioned and imaged
at a high density ∼2 g/cc. A euclidean distance of the void to a particle, a transform of distance
of each pixel in the void to the nearest interface (Ti or KClO4), is then extracted from the images
in order to see if there is a correlation in void size and the sensitivity of the powder. Figure 3
shows TKP-I and -II cross-sections and euclidean distance counts of the images.

The two powders ESD tested, TKP-I and -II, have the same KClO4 particles, yet the Ti
particles have a surface area 10 times larger in the TKP-I. In the SEM images (Figure 3) the Ti
is slightly smaller than the KClO4 in -II, and in the -I powder is quite a bit smaller and easier to
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(a) ESD ignition of TKP-I. (b) ESD ignition of TKP-II.

Figure 2: Single pulse ESD on -I (a) and -II (b), ”Go” and ”No-Go” data are recorded at various
densities and voltages.

recognize due to the porous morphology. The semi-quantitative void sizes of the TKP-I and TKP-
II powder are shown through the euclidean distance maps in Figure 3(c). The euclidean distances
for -I and -II show a similar trend, which corresponds to their comparable ESD sensitivities at
this pressing density (refer to Figure 2). As the pressing density is lowered there is expected to
be a variation in the euclidean distance map of the voids from the high density case shown in
Figure 3.

Low density (∼1 g/cc) TKP-I and -II produced challenges while attempting to ion beam mill
for SEM images. Due to the low density, particles tended to shift and not cross-section cleanly.
Rather than ion beam milling, micro-computed tomography (micro-CT) scans were created of
low density TKP-I and -II, shown in Figure 4. The current scans do not have the resolution
to make quantitative results of euclidean distances of the voids, however, this technique shows
promise in future runs of being able to extract euclidean distance of void/particle interface. With
longer exposure times and higher magnification, the micro-CT data will have resolution similar
to that of the SEM images shown in Figure 3, making quantitative 3D analysis possible.

4 Conclusions

It is shown from the ESD tests conducted that there is a change in sensitivity based on the
pressed powder density. There are regions of high sensitivity at moderate densities for both
powders, and then at higher densities they are unable to initiate with the parameters of MIL-
STD-331 (1). ESD penetration has been theorized to follow a percolation effect into the powder
bed (11). This, along with available oxygen content examined by Collins (2), may result in the
sensitivity variations shown. By using cross-sectioning techniques, ion beam milling with SEM
and micro-CT, we were able to image particles and voids within a pressed powder cavity. Using
image analysis, void size was extracted from the cross-sectioned images, based on the euclidean
distance to a particle interface. There were no significant differences in the euclidean distance
maps for TKP-I and -II, which corresponded to their similar ESD sensitivities at that density.
Low density pressed powders were imaged via micro-CT, with promising results for future analysis
of euclidean distance mapping.
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(a) TKP-I cross-section of pressed powder. (b) TKP-II cross section of pressed powder.

(c) Counts of euclidean void distance to nearest interface.

Figure 3: Pressed powder bed cross-sections created using ion beam milling. The sections of
TKP-I (a) and -II (b) are imaged with SEM. (a) and (b) are high density pressings (∼2 g/cc).
In the images, KClO4 are the larger particles and Ti is smaller. The Ti in the -I is easier to pick
out due to the small size and porous morphology. (c) shows euclidean distances of TKP-I and
-II on a semi-log plot. TKP-I were analyzed from four images and -II were analyzed from two
images, each having 100µm wide field of view.
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(a) Micro-CT scan of TKP-I. (b) Micro-CT scan of TKP-II.

(c) Micro-CT slice of TKP-I. (d) Micro-CT slice of TKP-II.

Figure 4: Micro-CT scans of TKP-I, (a), and TKP-II, (b), are low density pressings (∼1 g/cc).
Cylindrical volumes shown are ∼�0.75×0.75µm high. Slice of both TKP-I and TKP-II are shown
in (c) and (d), respectively.
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ABSTRACT

The effect of fuel particle size as well as the influence of inert and reactive additives on the burning rate
of the Si-CaSO4 composition was also evaluated. The burning rate decreased with increase in fuel
particle size. Addition of fuels to the base composition increased the burning rate. Ternary mixtures
containing silicon, calcium sulfate and an additional oxidizer generally featured lower burning rates.
The Si-CaSO4 formulation was found to be sensitive to the presence of inert material, addition of as
little as 1 wt. % fumed silica stifled combustion in the aluminium tubes.

Keywords: Silicon; calcium sulfate; barium sulfate; particle size; additives; time delay; pyrotechnics

INTRODUCTION

Pyrotechnic time delay detonators are extensively employed in high-volume mining operations
due to their simplicity, ruggedness and low cost. The delay compositions generally consist of one
or more oxidizer in combination with one or more fuel [1]. Some of the more common oxidizers used
in pyrotechnic compositions include oxides and oxy salts of alkali, alkali earth or transition metals. The
oxy salts are classified according to relevant anions, i.e. chlorates, perchlorates, nitrates, chromates and
sulfates [1a, 2]. These oxidizers may release oxygen to the reducing fuel via lattice destabilization,
melting, sublimation and thermal decomposition [3]. The selection of an oxidizer for a given fuel is
dependent on the desired energy output, reaction rate and the physical state of the reaction products [4].
Usually slow burning pyrotechnic reactions are obtained when the oxidizer releases oxygen at high
temperatures and undergoes endothermic decomposition [1a, 4]. This is exemplified by barium sulfate
as oxidizer in slow burning silicon based pyrotechnic delay compositions [5].

Although the amount of pyrotechnic charge in the majority of initiators is relatively small, there are
growing health and safety legislative requirements that the charges should not contain toxic substances

Chemical time delay detonators are used to control blasting operations in mines and quarries. Slow
burning Si-BaSO4 pyrotechnic delay compositions are employed for long time delays. Although this
composition is in commercial use, there is very little information about it in the open literature. The
composition potentially produces soluble barium compounds upon reaction which may pose an
environmental risk. The reactivity of this composition was therefore characterized and compared to the
potential “green” alternative Si-CaSO4 system.  The burning rates of the two formulations were
comparable. Both formulations were insensitive to impact, friction and electrostatic discharge stimuli.
The reaction products were a complex mixture that contained crystalline phases in addition to an
amorphous phase. Although barium sulfate is insoluble in water and non-toxic, the reaction products
produced by the Si-BaSO4 compositions released soluble barium ions when in contact with water.
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[2, 6]. This is in order to avoid problems during manufacture, to reduce emissions and also to lessen the
problem of exposure at the point of end-use [7]. Some commercial pyrotechnic compositions contain
heavy metal-based or water-soluble oxidisers, e.g. lead, barium and chromate compounds [6, 8]. Such
compounds are deemed environmentally unfriendly and pose a potential health hazard as they leach
into underground water sources [8]. Despite the fact that barium sulfate is insoluble and relatively non-
toxic, some of its potential reaction products are soluble barium compounds that are toxic to humans
[9].

Replacement of barium sulfate with calcium sulfate in slow burning silicon fueled compositions has
been reported [5c]. McLain [1a] states that the crystal form and crystal defects present in pyrotechnic
reagents influence the reactivity of pyrotechnic compositions. Barium sulfate and calcium sulfate both
have orthorhombic crystal structures [10]. The reactivity of pyrotechnic compositions utilizing an oxy
salt oxidizer depends primarily on the nature of the anion [3a]. However, the cation potentially also
plays a role [11] as this study showed by characterizing the Si-BaSO4 composition and comparing its
performance to that of Si-CaSO4 [5b]. The use of fuel with varying particle sizes and the addition of
inert or chemically active additives as a means of modifying the burn rates of Si-CaSO4 pyrotechnic
delay compositions was also investigated [12].

EXPERIMENTAL

Materials

A summary of the properties of the materials used to prepare the different compositions is shown in
Table 1. XRD analysis confirmed all the raw materials to be of high purity. The surface area and particle
size distribution were measured with a Micrometrics Tristar II BET and Mastersizer Hydrosizer 2000
instrument using water as the dispersion medium, respectively.

Composition and Delay Element Preparation

Delay compositions of silicon fuel in the range of 20 to 80 wt.%  mixed with either BaSO4 or CaSO4

oxidant powders were prepared for the comparative studies. The particle size effect was investigated
on the silicon and calcium sulfate compositions prepared in the fuel range of 30 to 70 wt.%, using three
different silicon powders of varying particle size. The effect of selected additives on the Si-CaSO4

composition was investigated with compositions containing 1, 2, 5, 7.5 and 10 wt.% additive
concentrations of Al, V2O5, Bi2O3 and fumed silica, respectively. For all the compositions the powders
were mixed by brushing them several times through a 75 µm sieve.

The compositions were pressed into 25 mm long aluminium tubes with an internal diameter of 3.6 mm
and a wall thickness of 1.45 mm. The filling process started with two increments of a Si-CuBi2O4

proprietary starter composition pressed with a 100 kg load. This was followed by repeated steps of
adding two increments of the delay composition and pressing it with the same load until the tube was
filled. The densities achieved were 573 % of the theoretical maximum density (TMD).
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Table 1 Volume-based particle size distribution and BET surface areas of the raw materials used

D10 (μm) D50 (μm) D90 (μm) BET (m2 g1)

Barium sulfate BaSO4 1.25 4.31 10.60 0.82

Calcium sulfate CaSO4 0.61 4.05 25.30 3.78

Silicon Type 2 Si 1.97 15.8 98.65 4.01

Silicon Type 3 Si 0.83 5.02 65.43 10.46

Silicon Type 4 Si 0.91 1.85 4.58 11.03

Aluminium Al 4.17 10.2 26.3 0.1

Vanadium
pentoxide

V2O5 33.5 101 197.0 5.5

Bismuth trioxide Bi2O3 1.87 8.8 69.5 0.8

Fummed silica SiO2 - - - -

Burn Rate Measurements

The burning rates were determined using commercial detonator assemblies. These included an initiating
shock tube coupled to a rigid aluminum time-delay element contained in an aluminium shell. This outer
shell contained increments of lead azide primary explosive and pentaerythritol tetranitrate (PETN) as
the secondary explosive. The actual delay time was determined using the method previously described
[5c]. In this method, the shock tube is ignited using a firing device and the resultant flash is recorded
with a photoelectric cell. This signal is sent to a timer as the initiating signal. After detonation, a pressure
transducer sends another signal to the timer and marks the end point of the timing sequence.

Determination of the Amount of Dissolved Barium

Approximately 2 g of solid reaction products obtained after combusting various Si-BaSO4 compositions
in inert helium atmosphere in the bomb calorimeter were contacted with 10 mL of de-ionised water.
The mixture was agitated using an orbital shaker for 1 month and then filtered. The resultant solution
was analysed for the barium using inductively coupled plasma optical emission spectroscopy (ICP-
OES). Two grams of barium sulfate was also contacted with 10 mL of de-ionised water and the solution
tested.

Characterisation

The equipment and conditions used for the various characterizations is outlined in the following
publications [5b, 12].
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RESULTS

Figure 1 shows the thermal behavior of silicon, barium sulfate and calcium sulfate in a nitrogen
atmosphere. The silicon showed no significant change in mass below 600°C. However, a mass increase
associated with the formation silicon nitride was noted above 600 °C.  Barium sulfate was stable in the
temperature range tested with only a slight mass decrease observed above 1200°C. The thermal
decomposition of BaSO4 reportedly occurs in the temperature range 1125 to 1400°C and takes place
according to Scheme I [13]. The ultimate theoretical mass loss is ca. 34.4%. The decomposition of
anhydrous CaSO4 proceeds in a similar manner in the range 1080 to 1300 °C [5c, 14]. Barium sulfate
and calcium sulfate release the same molar amount of oxygen. However, barium sulfate is more
thermally stable and thus releases it at a higher temperature.

MSO4 (s) → MO (s) + SO3 (g) (1)
MSO4 (s) → MO (s) + SO2 (g) + ½ O2 (g) (2)
* M = Ba or Ca
Scheme I. Barium/Calcium sulfate thermal decomposition pathways

Figure 1 TGA results for silicon, barium sulfate and calcium sulfate recorded in a nitrogen
atmosphere

Figure 2 compares the effect of fuel content on the energy output of the Si-BaSO4 and Si-CaSO4

formulations in a helium atmosphere. Whereas calcium sulfate supports combustion in the range of 30-
70 wt.% silicon, barium sulfate only burns in the 20 to 60 wt.% silicon range. The energy outputs for
both formulations decreased approximately linearly with increase in Si content. Compared to calcium
sulfate, barium sulfate-based compositions had lower energy outputs (1.42 – 2.63 MJ kg1). The highest
energy outputs were observed at 20 wt.% Si and 30 wt.% Si for the Si-BaSO4 and Si-CaSO4

respectively. These compositions correspond to the ideal stoichiometry for both formulations and are
similar to previously reported trends [1b]. Calculated exothermicity values from the EKVI program for
both the Si-BaSO4 and Si-CaSO4 systems were in reasonable agreement with the measured heats of
reaction recorded using the bomb calorimeter. The maximum deviation from the predicted value was
7% for the S-BaSO4 system and 15% for the Si-CaSO4 combination. This suggests that the metal-
oxidant reactions proceeded via the thermodynamically favored pathways.
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The effect of stoichiometry on the burning rate for both the Si-BaSO4 and Si-CaSO4 systems is shown
in Figure 3. Although combustion of the Si-BaSO4 system was sustained in the range of 20-60 wt.% Si
in the inert atmosphere inside the bomb calorimeter, burning was only sustained in the range of 20 to
40 wt.% Si in the rigid aluminum tubes. This is attributed to higher heat losses experienced by
compositions burning inside the tubes owing to more intimate contact with the conductive metal surface
and a greater surface to volume ratio. In order to reduce such heat losses, Beck and Flanagan [15] tested
compositions compacted into thin-walled (1 mm) rectangular stainless steel channels with larger
internal dimensions (6 mm  10 mm). In this scenario compositions containing as much as 55 wt.% Si
propagated. Calcium sulfate based compositions had a wider burning range (30-70 wt.% Si). The
burning rate decreased with increase in silicon content for both systems. The composition containing
20 wt.% Si-BaSO4 composition burned fastest (16.0 mm s1) whilst the 40 wt.% Si was the slowest with

a burn rate of 8.4 mm s1. These values are similar to those reported for the Si-CaSO4 compositions (6.9

– 12.5 mm s1) [5c]. It should be noted that the burning rates recorded for the Si-BaSO4 composition in

these tests were higher than literature values (4-9 mm s1) [5a, 15]. Likely causes for the discrepancy
include differences in material of construction [16] and in the properties of the reagent materials, e.g.
particle size, surface area, material history, purity and contaminants present [17].

Figure 2 Comparison of energy outputs obtained from the bomb calorimeter measurements for the Si-
CaSO4 and Si-BaSO4 systems, and EKVI simulations in a helium atmosphere
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Figure 3 Effect of fuel content on the burn rate of Si-BaSO4 and Si-CaSO4 compositions

Table 2 Quantitative analysis of the reaction products identified from the Si-BaSO4 pyrotechnic
composition using XRD, as well as an analysis of the total sulphur content in the solid products

Phase Formula 20 30 40 50 60

Silicon Si 4.9 13.9 26.1 36.4 45.7

Quartz SiO2 8.0 7.1 11.9 11.4 5.4

Bismuth Bi 2.1 1.9 2.7 2.7 1.7

Bismuthinite Bi2S3 2.9 2.6 2.1 1.9 1.1

Amorphous 82.0 74.6 57.3 47.8 46.1

Sulphur analysis wt.% 8.6 5.6 6.2 3.5 3.1

Gas evolved cm3 g-1 (STP) 20.1 31.6 16.6 25.3 17.8

% dissolved Ba* 5.0 5.7 12.7 13.5 14.1

*Percentage of dissolved Ba as a ratio of the theoretical maximum Ba assuming that it all dissolves after contacting
the combustion products of the Si-BaSO4 pyrotechnic composition with water for one month

Quantitative X-ray diffraction (XRD) analysis performed on the reaction products of the Si-BaSO4

collected from the bomb calorimeter are reported in Table 2. The XRD diffractograms revealed a
significant amount of an amorphous phase with quartz (SiO2) and unreacted silicon as the only
crystalline products. The presence of trace amounts of bismuth metal and bismuthinite (Bi2S3) are
attributed to the proprietary bismuth oxide-based starter that was used for ignition. Similar observations
were made for the Si-CaSO4 compositions. No barium sulfate was detected regardless of the initial
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composition. This was expected as the compositions were fuel rich and the reaction temperatures
exceeded the decomposition temperature of barium sulfate.

Sulfur analyses of the solid reaction residues (Table 2) allowed determination of the sulfur content of
the amorphous phase. Using these values together with the XRD data, a mass balance was performed
and the amount of gas produced by the reaction was estimated. Depending on the stoichiometry, the gas
evolved at standard temperature and pressure, ranged between 17.8 and 31.6 cm3 g1. The corresponding

SO2 estimates for CaSO4 compositions ranged from 29.2 to 67.5 cm3 g1 [5c]. Thus both compositions

released more than 10 cm3 g1 gas, the value regarded as an upper limit for classification as a gasless
composition [18].

Knowledge of the sensitivity to impact, friction and ESD stimuli are important when processing,
handling and transporting the compositions. These were evaluated for the two 30 wt.% silicon
compositions. No ignition was observed at the highest settings available for both the impact and friction
tester (98 J for impact and 360 N for friction). Therefore, both compositions were classified as
insensitive to impact and friction stimuli in accordance to the UN recommendations on the
transportation of dangerous goods [19]. The calcium sulfate composition was more sensitive to
electrostatic discharge (ESD) (118±46 mJ) compared to barium sulfate (145±26 mJ). Both formulations
were classified as insensitive to ESD given that the approximate maximum ESD energy developed by
the average person at 200 pF and 25 kV is in the order of 60 mJ [20]. It should be noted that humans
are capable of acting as conduits passing higher ESD energy from other objects.

Figure 4 Effect of stoichiometry and particle size on the burn rate of Si-CaSO4 compositions

The effect of particle size on the burn rate of the Si-CaSO4 composition is shown in Figure 4. The
composition prepared using the smallest particle size, Type 4 silicon, had the fastest burn rates (6.9–
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12.5 mm s-1). Compositions prepared from Type 3 silicon had slightly lower burn rates which ranged
from 6.6 to 11.0 mm s-1. However, compositions based on the coarser silicon Type 2 grade showed a
decrease in burn rate by nearly a factor of two. Also, unlike the compositions prepared from the other
two silicon samples which sustained burning in the range of 30 to 70 wt.% silicon, the Type 2
compositions only sustained burning for the 30 and 40 wt.% silicon, respectively. The decrease in burn
rate was attributed to a decrease in the active surface area and the number of contact points within the
particles of a given composition [21]. The larger particles also required more energy over a longer time
period to heat them up to the required reaction temperature compared with the smaller particles, which
increases the activation energy and results in lower burn speeds [22].

Figure 5 Effect of the amount of additive substituted on the burn rate of the 30 wt.% Si–CaSO4

composition

The effect of additives on the burn rate of the Si-CaSO4 is shown in Figure 5. Aluminium increased the
burn rate with increase in the amount added, with the 10 wt.% composition having a burn rate of
43 mms1, i.e. a 244% increase in the burn rate. Substitution of CaSO4 with Bi2O3 also resulted in an
increase in the burn rate with increases in the amount of Bi2O3 substituted. This increase occurred until

the 5 wt.% composition, after which the burn rate remained constant at ca. 17.4 mm s1. Vanadium
pentoxide resulted in a decrease in the burn rate with increases in the amount added, i.e. from 12.5 to
8.7 mm s1. Increasing the amount from 7.5 to 10 wt.% did not result in any further decrease. The
addition of 1 wt.% of fumed silica stifled combustion in the aluminium tubes. This indicates that the
Si-CaSO4 composition is very sensitive to the presence of inert diluents.

CONCLUSIONS

The Si-BaSO4 composition was characterized and compared to that of silicon and calcium sulfate.
Barium sulfate has a higher thermal degradation temperature than calcium sulfate. In both systems the
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energy output, the amount of gas generated and the burning rate decreased with increasing silicon
content. Except for the burning rates, these performance indices were lower with barium sulfate as the
oxidant. The reaction residues for the BaSO4 compositions were essentially XRD-amorphous but minor
amounts of crystalline SiO2 and unreacted Si were detected. The solid reaction products formed by the
Si-BaSO4 compositions released soluble barium ions when contacted with water. Both systems were
relatively insensitive to impact, friction and electrostatic discharge stimuli at a silicon content of 30
wt.%.

The influence of fuel particle size and the addition of various additives on the burn properties of the Si-
CaSO4 reaction was investigated. Differences in fuel particle size had no effect on the energy outputs
of the reaction. However, the burn rates decreased with increasing particle size. It was also shown that
the burn rate of the Si-CaSO4 composition can be tuned to burn faster or slower using a wide range of
additives. Fuel-based additives generally increased the combustion velocity, whereas oxidisers reduced
it. An exception was noted for bismuth trioxide which increased the burn rate. The base composition
was established to be sensitive to the presence of unreactive diluents, even at low concentrations, as the
formulations tested did not ignite or propagate when pressed into aluminium tubes.
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ABSTRACT 

 

Current fielded delay formulations face increased scrutiny due to their environmentally hazardous 

components (i.e., BaCrO4, PbCrO4, and KClO4) and there is an immediate need for viable replacements. 

Previous work in this area has explored various alternate compositions such as metal/metal oxide, 

intermetallics, or metalloid/metal oxide systems. However, in many cases these alternate systems cannot 

serve as a true replacement due to gas production and or lack of tailorable burn times. In this work, the 

W/MnO2 system is explored based on our previous promising results for Mn/MnO2 system. The delay 

performance, ignition sensitivity, and aging characteristics are examined at diameters similar to common 

delay housings and the role of heat loss investigated. For example, for 0.635 mm diameter pellets inverse 

burn rates ranging from 6.06 s/cm to 15.38 s/cm have been observed for 70/30 wt% W/MnO2 and 40/60 

wt% W/MnO2 formulations respectively.  The formation of benign combustion products, level of gas 

production, and reaction kinetic parameters will also be discussed.  
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ABSTRACT

1. INTRODUCTION

Additionally, it has been previously demonstrated that EBW detonator performance is not linked to
burst current or action2. Instead, the new metric of energy density (energy at peak power per unit volume of
the initial bridgewire size) better correlates different firing-sets to EBW performance (Figure 3).

Figure 1: Power-energy Space for TKP hotwire devices using different bridgewire sizes and materials.

It has been demonstrated that pyrotechnic and explosive ignition can be observed through
measurement of the electrical impulse. The power and energy per unit surface area relate this phenomenon
across a multitude of bridgewire geometries and materials. Recently, research into exploding bridgewire
(EBW) detonators has shown the primary tools developed by Tucker (burst current and action) do not
causally relate to initiation. Instead, energy density (energy per unit volume) better describes the relationship
between EBW initiation and the firing-set used. The differences between ignition criteria (power-energy per
unit surface area) and initiation criteria (energy per unit volume) will be explored. An argument will be made
showing initiation and ignition are separate phenomena, leading to the conclusion that EBW detonators do
not deflagration-detonation-transition (DDT) during nominal operation. Additionally, it will be shown that
the separate ignition and initiation criteria can be used to predict the safety of an explosive device.

It has been previously demonstrated that thermal ignition can be related to the electrical power and
energy per unit surface area of the bridgewire in a hotwire device1 (Figure 1 & Figure 2). The resulting
relationship was demonstrated for both the pyrotechnic titanium-potassium per chlorate (TKP) and the
secondary explosive Cyclotetramethylene Tetranitramine (HMX) using different bridgewire materials and
different bridgewire geometries.
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Figure 2: The ignition properties of different wire dimensions and materials can be related by dividing
the power-energy curves by the initial surface area of the bridgewire.

Figure 3: EBW function time as a function of energy density. Energy density can collapse performance
across multiple bridge dimensions and multiple firing-sets.

From the two previous studies, ignition is related to power-energy per unit surface area, but the
detonation output from an EBW detonator is related to the energy per unit volume. The data suggests the
phenomena of ignition and initiation are exclusive of each other. To further explore this hypothesis, direct
current (DC) pulses were fed into an EBW and the results were compared with those of a capacitive
discharge unit (CDU) firing-set normally used to initiate an EBW.

2. EXPERIMENTAL

The test specimens were developed using a standardized header design (Figure 4). A hermetic glass-
to-metal sealed header was created from two Kovar pins and a shell set in a 7056-equivalent Corning
borosilicate glass. A 25.4 µm diameter by 71.1 µm long bridgewire is resistance welded between the pins.
The charge column is also made of Kovar, and laser welded to the header. The explosive powder is pressed
into the charge column and against the header surface.  A Kovar closure disk is then laser welded on top,
resulting in a hermetically sealed device.
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Figure 4: Test specimen design. The header is composed of Kovar pins and a Kovar shell hermetically
sealed using 7056-equivalent borosilicate glass. A bridgewire is resistance welded to the pins, a Kovar
charge column is laser welded to the header, explosive is loaded in the column, and a Kovar closure

disk is welded to the charge column. The result is a hermetically sealed device.

Input to the test article is provided by a DC firing-set or a CDU firing-set. The current in both
instances is measured using an in-line broad band current-voltage transformer (CVT). The voltage at the
bridgewire is measured using two Agilent passive voltage probes connected to the pins of the header. By
taking a measurement on both the feed and return, and referencing the ground of the probes together, a
differential measurement can be made. As the distance between the bridgewire is increased, more line
inductance and resistance is present in the measurement. Thus, to minimize the error in the intended
measurement, the voltage probes must be as close to the bridgewire as possible. In these tests, the distance
between the probes and the bridgewire was between 0.500 and 0.750 mm.

To measure the output and timing from the test articles, a polyvinylidene fluoride (PVDF) gage was
employed. In the DC tests, a current level was selected, and delivered until the part ignited and produced an
output. In the CDU tests, a charge voltage was chosen for the capacitor, and the stored energy was then
discharged into the bridgewire.

3. RESULTS AND DISCUSSION

The DC input to the EBW produces a non-linear response in power (Figure 5). Since the power is
non-linear, an average power was found by calculating the power and energy in the following manner:∑ ( 1 )

( 2 )

where is the beginning of current, is the time of output, or bridge burnout, is the measured current,
and is the measured differential voltage.

The DC testing revealed similar ignition behavior observed previously in TKP and HMX tests
(Figure 6). A high and low power asymptote is observed, and a curve fit is applied for visualization
purposes. The curve fit is not an attempt to understand the physics behind the ignition behavior, but it serves
to help in estimations of safety criteria. There exists an asymptote (not shown) at 1.008 W/mm2, below
which no ignition will occur. Any resultant input that crosses the curve fit boundary will result in ignition
and a violent response, and anything remaining outside the curve fit will not have an output (safe response).

Since the ignition behavior is understood to be independent of bridgewire material and bridgewire
dimensions, this plot and resulting curve fit can be used to approximate the no-fire safety criteria for EBW
detonators that share this header and explosive pressing, regardless of the bridgewire. If the header is
changed, or if the explosive pressing is altered, a new study must be conducted.
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Figure 5: Power (current multiplied by voltage) for a 15 A-DC input to the EBW. The power is not a
square pulse.

Figure 6: Results from DC testing of the EBW. The red data points indicate the power-energy per unit
surface area of the bridgewire when units ignited and produced an output. The blue dashed line is a

rational fit to the data to better visualize the high and low power asymptotes.

As an example, if 10.0 W were applied to an RP-80 like bridgewire on this header (0.0356 mm
diameter by 1.106 mm length gold bridgewire), 0.1623 J/mm2, or 0.020 J would be required for ignition,
which would occur if the signal was present for 0.002 seconds.

As another example, if a 1.0 A input (a common safety scenario) was applied to the same RP-80 like
bridgewire, the result would be 0.022 W of power, or 0.0289 W/mm2, which is below the 1.008 W/mm2

threshold, and no ignition would be observed. This method makes it possible to explore a vast number of
ignition and safety scenarios using far few test units.

It is necessary to point out that the high-power asymptote is approximately constant at ~0.15 J/mm2.
This indicates that once ~102 W/mm2 power is exceeded, only the energy input must be known. If the energy
exceeds the ~0.15 J/mm2 input, ignition should occur.

The new DC ignition data was compared to previously obtained detonation data (Figure 7). The
detonation data was analyzed to place it in power-energy per unit surface area space for comparison. The
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average power was calculated in the same way as those of the DC pulses. However, in instances where the
bridgewire burst, average power and energy were only calculated up until peak power, not until the signal
ended. Peak power was chosen as the termination as this is the point used to demonstrate coincident
performance for different firing-sets.

Figure 7: Power-energy per unit surface area of ignition data and detonation data. The detonation
data includes points where the wire survived, was melted, and burst. It appears possible to burst the

wire, exceed the ignition threshold, and obtain no response from the explosive. Beyond a certain
power-energy threshold, detonation occurs.

At low enough charge voltages, the CDU discharge is unable to melt or otherwise affect the wire,
and delivers too little energy to instigate ignition. At slightly higher charge voltages, melting can occur,
without the bridgewire bursting, and energy still remains below the ignition threshold. Curiously, there
appears to be a dead space, within which enough energy has been delivered to the bridgewire to cause
ignition, but neither ignition nor detonation occur. Beyond certain power and energy thresholds, only
detonation occurs.

Heat transfer requires a finite amount of time. It appears once the power level has been reached to
burst a bridgewire, insufficient time exists to transfer enough heat from the bridgewire into the explosive to
cause ignition. Considering detonation is occurring from inputs 2 to 3 orders of magnitude higher power than
those causing ignition, it seems the response from the explosive is not related to ignition.

Thus, it can be hypothesized that initiation and ignition are not related phenomenon. It can then be
concluded that EBW detonators do not undergo a process by which the powder is ignited, burns, and then
transitions to a detonation (a DDT process). Rather the powder is directly initiated, not ignited.

The idea of an explosive being directly initiated by an EBW is not a new one. Furthermore, this data
still does not sufficiently explain the “dark time” that occurs in EBW detonators (e.g. the time between when
the bridgewire bursts, and when the initiation occurs). However, it seems evident EBW detonators are not
igniting prior to detonation.

In some instances, near the detonation threshold, EBW detonators have been observed to produce a
lower output than a full detonation. In these instances, it also appears that most of the explosive powder was
not burned, but rather jettisoned from the detonator. In these cases, it may be hypothesized that detonation
was started, but was not sustained, and the output was caused by sufficient pressure build up to jettison the
remaining explosive powder. In these instances, it seems plausible that ignition still has not occurred, but
rather an unsustained detonation is started and quenched.
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4.  CONCLUSIONS

It is possible to explore the ignition space of EBW detonators using the same DC impulse testing as
that used on hotwire devices. The DC testing reveals the same asymptotic ignition behavior observed in
previous tests on TKP and HMX. The DC ignition data was fit with a rational curve fit, allowing the direct
calculation of ignition and safety criteria.

The DC ignition data was compared to previously obtained detonation data. While the detonation
data was in energy density space, the data was recalculated to occupy power-energy per unit volume space
for direct comparison to the DC ignition data. It was observed that EBW detonators can occupy a space
where energy delivered to the bridgewire exceeds the energy requirement for ignition, but no ignition will
occur. It seems plausible that the energy delivery to the bridgewire is too fast to allow sufficient heat to be
transferred to the explosive to cause ignition. It appears EBW detonators directly initiate, and never ignite.
Thus, it can be concluded that EBW detonators do not DDT, and ignition and detonation are separate
phenomenon occurring on vastly different time scales.
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ABSTRACT
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INTRODUCTION

The characterization of pyrotechnic reaction
products poses a challenging analytical task to the
pyrotechnic chemist,[1] owing to the violent
exothermic reactions which produce a highly
complex mixture of gases, aerosolized particulates,
and residues. Primary reaction products can often
be predicted by using reduction-oxidation
chemistry guided by chemical equilibrium
thermodynamic codes.[2] These programs use a
library of chemicals with known enthalpies to
estimate reaction equilibrium via the minimization

of the Gibbs free energy. However, these
calculations are inadequate when considering minor
non-equilibrium byproducts, such as volatile
organic compounds (VOCs) which are suspected to
be produced via the thermal degradation of
common polymeric ingredients in pyrotechnic
compositions (e.g., epoxy resins and polyvinyl
chloride).[3] Additionally, a wide variety of low
abundance species are expected to be formed via
secondary side reactions in the excessive
temperatures of the reaction plume. Despite this,
thermochemical codes are often used to predict the
toxic hazards produced from a pyrotechnic

Here, we demonstrate the utility of gas chromatography coupled to mass spectrometry to empirically
determine the gaseous emissions that are produced from a pyrotechnic flare composition within a pyrolysis
chamber. The experiments are safely performed on milligram quantities of a model yellow signal flare
composition (and ingredients thereof) with conditions that promote the formation of reaction byproducts. In
contrast to the species which are predicted via thermoequilibrium calculations, this analysis principally
yields small molecular weight gases and cyclic hydrocarbons that are often derivatized by chlorine-,
oxygen-, or nitrogen-containing functional groups. Pyrolysis of this pyrotechnic composition provided a
suite of new nitrogen-based species, inclusive of nitro compounds. These new species significantly increase
in relative abundance as the pyrolysis temperature approaches the onset temperature of the pyrotechnic
reaction as observed with a differential scanning calorimeter. From these experiments it is possible to derive
insight into the potential toxicity of the reaction –inclusive of incomplete combustion products via thermal
decomposition of the polymeric constituents or as unforeseen byproducts via the excessive combustion
temperatures of the pyrotechnic reaction. By using this new tool on a flare composition, a variety of EPA
priority air pollutants were identified as being formed during the combustion of what would otherwise be
considered an environmentally-friendly pyrotechnic. Since these pollutants originated from commonly used
polymeric ingredients, the true environmental impact of many polymer-based pyrotechnics may need to be
reevaluated.
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combustion.[4] New methods are therefore desired
to empirically characterize reaction emissions using
small quantities that are also inherently safer than
full-scale munitions.

Minor products have been postulated to form
preferentially in oxygen-deficient areas of the
reaction plume where there exists a relatively poor
micromixing between the fuel and oxygen
atmosphere.[5] Thus, a high temperature, anaerobic
technique is desirable to qualitatively investigate
probable reaction byproducts. Herein, we report on
the application of pyrolysis coupled in-line with a
gas chromatography-mass spectrometry (GC/MS)
instrument to isolate and identify the minor
products of pyrotechnic reactions. Pyrolysis is
defined as the thermal decomposition of a sample
within an inert atmosphere. The pyrolysis
temperature, time, and rate can be carefully
controlled to induce changes in the relative
abundance of thermalized byproducts.[6],[7] The
GC separates the gaseous mixture and the MS
serves to detect and identify each molecular species
using electron ionization (EI) to reproducibly create
a distribution of ions that include diagnostic
fragment ions.[8] MS-based instrumentation and
techniques have recently been applied in the
analysis of energetic materials and thermal decay
[9],[22] due to its unparalleled sensitivity and
resolving power.[23] Pyrolysis/GC/MS has been
specifically applied to characterize the
decomposition products of several energetic
materials, including nitrocellulose,[24] the primary
explosives RDX, TNT, and PETN,[25] and a
double-base propellant.[26] This work also
demonstrated that pyrolysis/GC/MS can simulate
the formation of compounds identified from the
gaseous effluent of an US Army propellant
incineration facility.[26]

In this work, we apply pyrolysis/GC/MS to a novel
yellow signal flare (YSF) pyrotechnic composition
that has been reformulated to remove the
perchlorate oxidizer while meeting the performance
objectives of the United States Navy’s Mk
144.[27],[28] In the past 15 years, much emphasis
has been directed on the removal of perchlorate
oxidizers from pyrotechnics [29]-[37] to comply
with strict environmental standards [38] and
decrease contamination accumulating around
munition manufacturing and training
facilities.[39][42] For light-producing pyrotechnics,

the removal of perchlorate from the formulation
often requires a replacement chlorine donor to
produce a metal chloride intermediate species with
emissions at a specific visible band. A popular
choice for this chlorine donor is polyvinyl chloride
(PVC), despite the known toxicity [43] of its
pyrolytic and thermo-oxidation products. [44]
Knowing the hazardous nature of these potential
species, we pose the question: is our new
perchlorate-free composition actually
environmentally-benign or is it only compliant to a
single environmental regulation?

EXPERIMENTAL METHODS

Pyrotechnic samples. Caution! The pyrotechnic
composition described herein is energetic using
materials that can be considered toxic in high
quantities. Such materials should only be handled
under supervision within a vented laboratory bench
using personal protective equipment to include
nonconductive footwear, a lab coat, shield, and
gloves. Table 1 lists the ingredients of the YSF
pyrotechnic composition. The YSF composition
was hand-mixed with a metal spatula in a grounded
metal beaker using the procedure as follows: 1) Mg
fuel (Hart Metals, Inc.) was stirred with a pre-
mixed 70:30 Epon:Versamid thermoset epoxy
binder (chemically defined as a diglycidyl ether of
bisphenol A matrix), 2) PVC and all oxidizers
(Barium and Chemicals, Inc.) were separately pre-
mixed, 3) the oxidizer/PVC mixture was added to
the epoxy/fuel mixture and stirred until
homogenous, and 4) the mixed granular
composition was placed in a laboratory oven at 60
°C to cure the epoxy binder.

Thermochemical calculations. Thermochemical
predictions of the YSF pyrotechnic reaction were
made using the NASA CEA hp (constant enthalpy

20.10
37.00
27.05
10.90
4.95

a

b

wt. (%)
Table 1.  Perchlorate-free YSF formulation

Ingredient
Mga

NaNO3

The two-part thermoset epoxy binder consisted of a 70:30
wt. % of Epon 813:Versamid 140.

Ba(NO3)2

PVC
Epon 813/Versamid 140b

Granulation 17
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Figure 1. Schematic diagram of the pyrolysis/GC/MS instrument (not to scale). The operational details of
the instrument are contained within the text.

and pressure) combustion module at a constant
pressure of 1 atm.[46] In these calculations, the
heat of formation for PVC (C2H3Cl) and
Epon/Versamid (H98C83O14N4) [47] were -22495
and -876278 cal∙mol-1, respectively.[48]

DSC/TGA measurements. The thermal behavior
of the YSF formulation (and ingredients thereof)
was assessed with a Perkin Elmer STA 6000 in
alumina pans over a range of 50 - 995 °C at a
heating rate of 50 °C∙min-1 under ultra-high purity
N2 at a flow rate of 20 mL∙min-1.

Pyrolysis. Nested GC/MS measurements of
pyrolyzed samples were performed via a Pyroprobe
2000 (CDS Analytical, Inc., Oxford, PA) connected
in-line to a Finnigan PolarisQ GC/MSn ion trap
mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) for separation and detection. A
general schematic is provided in Figure 1. Samples
(~1.0 mg) were placed within a quartz fire tube
with each end plugged by quartz wool (4 μm,
Quartz Scientific, Inc., Fairport Harbor, OH). The
sample tube was positioned inside a platinum wire

coil on the pyrolysis probe and inserted into a
chamber filled with helium buffer gas. Pyrolysis
temperature and rate is controlled via resistively
heating the platinum filament.  Samples were
pyrolyzed at a rate of 20 °C∙msec-1 up to a final
targeted temperature (standardized at 900 °C)
where the samples undergo pyrolysis for 30
seconds.[26] The gaseous pyrolysate is carried by
the helium buffer gas from the chamber to the GC
column for molecular separation.

Gas chromatography/mass spectrometry. The
pyrolysis helium buffer gas also serves as the GC
mobile phase. The GC oven method began at 40 °C
for 2 min, was slowly ramped to 250 °C at a rate of
10 °C∙min-1, and finally held at 250 °C for 7 min.
The gas-phase separation of the semi-VOCs was
achieved using a Zebron ZB-5MSi column, 30 m x
0.25 mm x 0.25 μm (Phenomenex, Torrance, CA).
The helium carrier gas employed a splitless
injection mode and was held at a constant flow rate
of ~1.2 mL∙min-1. The compounds are retained on
the column for discrete periods of time that is
dependent on specific physical and chemical
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characteristics, primarily influenced by its mass,
shape, and strength of noncovalent interactions
with the stationary phase.

Eluted compounds are directly injected into the
source region (held at 200 °C) of the mass
spectrometer and subjected to EI prior to mass
analysis. EI is an energetic process that bombards
the targeted parent molecular species (M) with
electrons to produce radical cations of the parent
species (M+) and derivative fragment species.[8]
These cations are guided by ion optics into an ion
trap, where the ions are stored by an electrostatic
potential that is created by a static DC and RF
oscillating electric field. The RF is scanned to eject
ions in a mass selective fashion (between 50 and
430 amu) for detection. A mass spectrum is
compiled with the total ion intensity recorded at
each mass-to-charge (m/z). Because the scanning
times in the mass spectrometer are much shorter
than the retention times in the gas chromatography
column, it is possible to record the data in a nested
fashion.

Data analysis. GC/MS data were obtained as .raw
files using the Thermo Xcalibur software suite. A
mass spectrum for a specific compound was
obtained by integrating across an eluted GC peak.
The compound identification was achieved by
querying against the NIST/EPA/NIH Mass Spectral
Library.[49] Generally, background subtractions
were required from both sides of the eluted GC
peak with scores greater than 50 considered as a
possible match. Further data processing was
achieved by first converting Xcalibur native
acquisition .raw files to .mzXML files using the
ReAdW v.3.5 open source software. These
.mzXML files were processed using the MatLab
bioinformatics toolbox to baseline subtract the ion
chromatograms and compile nested measurement
heat maps. The baselined ion chromatograms were
normalized and subjected to a peak picking
algorithm at a 1% threshold height using the
OriginPro 2015 software suite. Peak integrations
were manually adjusted to calculate relative peak
areas.

RESULTS AND DISCUSSION

Thermochemical predictions via NASA-CEA.
The predicted adiabatic temperature and
equilibrium species for YSF is shown in Table 2. In
agreement with basic combustion theory, the

predicted combustion products include CO, CO2,
MgO, H2O, N2, and Na. Absolutely no VOCs were
predicted, even though over 100 such compounds
are considered within the NASA-CEA library of
compounds and heats of formation. These
estimations will always favor the theoretical
formation of compounds with lower Gibbs free
energies (e.g., CO, CO2, and H2O) as the primary
solver mechanism is to minimize the overall Gibbs
free energy.

Thermal analysis via DSC-TGA. DSC-TGA data
for the YSF composition is displayed in Figure 2
with three primary exotherms at onset temperatures
of 270°C, 420 °C, and 633 °C. The first YSF
exotherm (Tonset = 270 °C) coincides with the
melting point of sodium nitrate (307 °C) and an
observed TGA weight loss of ~9%. The second
YSF exotherm (Tonset = 420 °C) coincides with the
ignition temperature of PVC (Tonset = 455 °C) and a
weight loss of ~22%. This second exotherm is
explained by the DSC data of mixtures of
PVC/sodium nitrate (Tonset = 454 °C) and
PVC/barium nitrate (Tonset = 480 °C). From this
data, it is clear that the pyrotechnic reaction
proceeds as a multistep exothermic process driven
by reactions involving the Mg fuel, the oxidizers,
and PVC. The third and largest exotherm (Tonset =
633 °C) is preceded by a small endotherm at the
melting point of the Mg fuel (650 °C). It is
expected that liquid Mg will rapidly oxidize to form

Mol Fraction
MgOb 26.7%

COc 17.8%
N2

c 11.6%
NaCl 10.2%
H2O 8.8%
CO2

c 5.3%
NaCl 4.6%

H2
c 4.3%

BaOc 2.4%
Mgc 2.1%

Hc 1.6%
Otherd 4.7%
Tad (°C) 2557

a

b

c

d Other products include: OHc, NaOH, BaCl2, MgOc, HCl, Ba(OH)2,
BaOH, Oc, O2

c, MgOH, NOc, BaCl2, Clc, Mg(OH)2, MgCl, NaO, Bac,
NaH, MgCl2, Na2, MgH, and Na2Cl2.

Table 2. YSF thermodynamic equilibrium results .a

Species

Results computed via NASA-Glenn Chemical Equilibrium Program
CEA2 at standard temperature and pressure.

Thermodynamic properties fitted to 20,000 K.

Condensed phase product
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MgO in aerobic environments. The observed TGA
weight gain (~13%) perfectly describes the
theoretical weight gain of Mg to MgO.

Figure 2. DSC-TGA (solid and dashed lines,
respectively) for YSF (black), sodium nitrate/PVC
(green), and barium nitrate/PVC (pink). Mixtures of
sodium nitrate/PVC and barium nitrate/PVC are of
the same proportions as within the YSF pyrotechnic
composition. DSC data is scaled to the left Y-axis
with the TGA data scaled to the right Y-axis. An
inset is provided (defined by the overlayed gray
dashed box) to display an expanded view of the
data at lower temperatures.

Nested GC/MS measurements of pyrolysis
products. The number of gas-phase pyrolytic
products was maximized by heating samples at 900
°C for 30 seconds.[26] An example nested GC/MS
dataset is displayed in Figure 3 under these
standard conditions. The nested data for the
pyrolyzed PVC show peaks pertaining to
distributions of parent and fragment ions produced
by EI for GC-separated gas-phase products. Parent
ions of higher mass are generally retained at longer
retention times on the GC column and fall into
families within the nested dataset on the basis of
mass, size, and favored fragmentation. For
example, it is common to observe similar fragment
ions for parent ions of variable mass. Due to the

high similarity of fragmentation at different
retention times, we can conclude that the parent ion
species from the pyrolysis of PVC are chemically
similar.

Parent ions can be identified by integrating the
mass spectrum for a given range of retention times
encompassing an eluted GC peak and queried
against a database of accepted EI standard spectra.
An example integrated mass spectrum and
corresponding NIST database mass spectrum are
displayed in Figure 4 for the peak identified as
chlorobenzene. Overall, the two mass spectra are
similar with the observation of discrete fragment
ions and relative isotopic and fragment abundances.
For example, both spectra contain the appropriate
relative abundance for the Cl37 isotope of the parent
ion. Both spectra also display the abundant
formation of a [C6H5]+ fragment ion. Minor
differences are observed with respect to the relative
abundance of the EI fragment ions that are
attributed to energetic differences in our EI source
as compared to the spectra managed by the NIST
database.

Figure 4. Chlorobenzene EI mass spectrum
obtained by (a) integrating each m/z for the eluted
peak centered at 6.52 min within the PVC
pyrolysis/GC/MS dataset of PVC (30 sec at 900 °C)
and (b) the NIST Library, CAS Registry Number
108-90-7, compiled by the NIST Mass
Spectrometry Data Center. Distributions have been
normalized to the maximum ion abundance for
each mass spectrum.
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Figure 3. Two-dimensional GC/MS dot plot of the product ions of PVC pyrolysis (30 sec at 900 °C). Ions
are produced via EI to yield diagnostic fragment ion abundances for parent ions at each retention time.
Families of singly-, doubly-, triply-, and quadruply-cyclic hydrocarbon parent ions are designated with
overlayed solid white lines. The top mass spectrum is produced by integrating each m/z across the range of
retention times.
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Summary of pyrolysis products of the YSF
polymeric components. A complete list of the
identified pyrolysate compounds for PVC and
cured Epon/Versamid samples heated at 900 °C for
30 seconds are provided in Tables 3 and 4,
respectively. These tables provide information on
the identified chemical species (with molecular
formula) at specific retention times. Relative
abundances are also provided by integrating across
each identified peak within a normalized gas
chromatogram that is baseline corrected to account
for signal drifts at longer retention times. An
example baseline-corrected dataset is displayed in
Figure 5 for the pyrolysis of PVC at 900 °C.

Figure 5. Gas chromatogram from the 30 second
pyrolysis of PVC at 900 °C. Raw data (pink) and
baselined data (black) are displayed. An inset is
provided (defined by the overlayed gray dashed
box) to display an expanded view of the data at
longer retention times.

Table 3 lists 53 gas-phase VOCs identified from the
pyrolysis of PVC. 10 of these VOCs are
chlorinated, oxygen-containing, or nitrogen-
containing species with relative abundances of only
1.10%, 1.25%, and 0.18%, respectively. The other
43 VOCs are identified strictly as hydrocarbon
species with a relative abundance of 97.22%. Many
of these hydrocarbon species are cyclic and likely
formed via free radical chemistries upon the
pyrolytic liberation of chlorine from the variable
length polymeric chains. It is concerning to note
that 8 of the more abundant VOCs are also listed as
Priority Pollutants by the EPA,[50] formed
pyrolytically at a 65.40% relative abundance. Only
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21 24 27 30

small gases 0.49
benzenec C6H6 29.96
toluenec C7H8 18.64
trichlorobenzaldehyde C7H3Cl3O 0.17
chlorobenzenec C6H5Cl 0.52
ethylbenzenec C8H10 1.09
xylene C8H10 3.62
styrene C8H8 6.66
p-ethyltoluene C9H12 0.07
cyclopropylbenzene C9H10 0.85
propylbenzene C9H12 0.34
cumene C9H12 0.38
trimethylbenzene C9H12 0.05
o-ethyltoluene C9H12 0.33
chlorotoluene C7H7Cl 0.26
indane C9H10 1.01
methylstyrene C9H10 1.01
indene C9H8 2.00
butylbenzene C10H14 0.25
methylbenzenepropanol C10H14O 0.72
methylacetophenone C9H10O 0.09
butenylbenzene C10H12 0.38
phenylbutene C10H12 0.23
dimethylstyrene C10H12 0.46
methylene-tricyclo-octene C9H10 0.34
tetralin C10H12 1.58
naphthalenec C10H8 13.39
tetralone C10H10O 0.12
chloropropenylbenzene C9H9Cl 0.10
methyltetralin C11H14 0.29
methylnaphthalene C11H10 3.41
benzocycloheptatriene C11H10 2.59
naphthylmethanol C11H10O 0.15
chloroquinoxaline C8H5ClN2 0.05
biphenyl C12H10 1.48
diphenylmethane C13H12 0.89
dimethylnaphthalene C12H12 0.68
methylbiphenyl C13H12 0.17
bibenzyl C14H14 0.09
flourenec C13H10 0.94
propenylnaphthalene C13H12 0.23
methylfluorene C14H12 0.61
tetrahydrophenanthrene C14H14 0.12
benzazulene C14H10 1.14
phenylmethylene-indene C16H12 0.15
methylphenanthrene C15H12 0.08
dihydrocyclopentaphenanthrene C15H12 0.23
dihydroacephenanthrylene C16H12 0.23
dihydrocyclopentaphenanthrene C17H14 0.04
diphenylmethylpyrazole C16H14N2 0.13
tetrahydrotriphenylene C18H16 0.05
pyrenec C16H10 0.22
dihydropyrene C16H12 0.20
benzanthrenec C17H12 0.64

a

b

c EPA Priority Pollutant

Table 3. PVC pyrolysis products formed at 900 °C for 30 sec.a

RT (min) Compoundb MF RPA (%)

9.53

2.60
3.49
5.11

6.52

6.94
7.36
7.92
8.31
8.45
8.61

8.93

6.04

6.76

8.77

14.72

12.54

9.74
9.95
10.12
10.25
10.45
10.62
10.81

11.68
11.40

11.88
12.14

12.95
13.18
13.69
14.20
14.45

Compounds identified using NIST Mass Spectral Search Program for the
NIST/EPA/NIH mass Spectral Library, Version 2.0f, build Aug 11, 2008.

20.23
20.48
21.26
21.76
21.98

25.25

23.47
24.10

22.45
22.84
23.12
23.37

RT is retention time, MF is molecular formula, and RPA is relative peak area.

18.11

19.62

15.11
15.36

15.93

18.34

15.60

16.75
17.26
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0.49% of the peak abundance is identified as small
molecular-weight gases, though it should be noted
that our mass discrimination was set to
preferentially target molecular species of higher
molecular weights.

All identified compounds from the pyrolysis of the
cured epoxy binder are listed in Table 4. The epoxy
polymeric matrix is chemically formed from a
reaction including cresol glycidyl ether (identified
at a retention time of 15.12 min),
triethylentetramine, and bisphenol A. Thus, it is
unsurprising that many of the observed pyrolytic
products are oxygen- or nitrogen-containing
species. Of these 47 listed VOCs, 20 are oxygen-
containing, 11 are nitrogen-containing, and 19 are
strictly hydrocarbon species with relative
abundances of 47.70%, 8.59%, and 44.10%,
respectively. As was the case with pyrolysis of
PVC, 7 of these abundant VOCs are designated as
EPA Priority Pollutants and comprise a 35.45%
relative abundance of all identified compounds.

Summary of pyrolysis products of the YSF
pyrotechnic composition. Table 5 lists the 47
identified VOCs identified from the 30-second
pyrolysis of the YSF pyrotechnic composition at
900 °C. Based off of the exothermic events
observed via DSC, these conditions should provide
sufficient thermal energy to initiate the pyrotechnic
reaction in addition to decomposing post-reaction
residues. 17 of these VOCs are chlorinated,
oxygen-containing, or nitrogen-containing species
constituting a relative abundance of 0.54%,
16.05%, and 2.54%, respectively, with hydrocarbon
species comprising an 80.16% relative abundance.
As shown in Figure 6, GC peaks are often observed
at similar relative abundances and retention times
upon pyrolysis of either the YSF composition or its
polymeric ingredients. Thus, many of these species
arise as products of incomplete combustion via
degradation from PVC and the epoxy binder.

It is interesting to consider the observation of
newly-formed species that were not identified from
pyrolysis of any of the YSF ingredients. These
compounds are identified as nitrophenol,
nitrocresol, benzonitrile, tolunitrile, indanone, and
hydroxyquinoline and only account for a 2.80%
relative abundance of identified products within the
distribution. Including nitrophenol and nitrocresol,
13 of the identified VOCs are regulated as EPA
Priority Pollutants and encompass a 66.14%

small gases 2.44
benzenec C6H6 10.72
pyrimidine C4H4N2 2.90
toluenec C7H8 10.76
nitrocyclohexane C6H11NO2 1.50
aminopyridine C5H6N2 2.18
diazine C4H4N2 0.02
ethylbenzene C8H10 3.99
styrene C8H8 6.31
pyridinemethanol C6H7NO 0.20
ethylpyrazine C6H8N2 0.09
methylpyridine C6H7N 0.26
ethenylpyrazine C6H6N2 0.26
ethenylpyridine C7H5N 0.04
benzeneacetaldehyde C8H8O 0.25
ethyltoluene C9H12 1.03
phenolc C6H6O 8.70
benzofuran C8H6O 5.65
cymene C10H14 0.33
indane C9H10 0.12
indene C9H8 2.15
cresol C7H8O 16.73
phthalan C8H8O 0.98
phenyloxirane C8H8O 1.21
dimethylphenol C8H10O 1.88
propenylbenzene C9H10 0.31
methylbenzofuran C9H8O 2.09
xylenolc C8H10O 2.61
ethylphenol C8H10O 0.59
methylacetophenone C9H10O 0.24
methylindene C10H10 1.66
dihydronaphthalene C10H10 1.33
trimethylphenol C9H12O 1.12
naphthalenec C10H8 2.47
methylindole C9H9N 0.03
dimethylbenzofuran C10H10O 1.28
ethylindene C11H12 0.78
isopropylphenol C9H12O 0.19
vinylbenzofuran C10H8O 0.54
allylcresol C10H12O 0.30
hydroxyquinoline C9H7NO 1.12
prehnitene C10H14 1.60
cresol glycidyl ether C10H12O2 0.54
vinylnaphthalene C12H10 0.12
acenaphthylene C12H8 0.16
diphenylmethane C13H12 0.07
fluorenec C13H10 0.08
phenanthrenec C14H10 0.11

a

b

c EPA Priority Pollutant

RT is retention time, MF is molecular formula, and RPA is relative peak area.

Compounds identified using NIST Mass Spectral Search Program for the
NIST/EPA/NIH mass Spectral Library, Version 2.0f, build Aug 11, 2008.

20.45

15.12
16.03
16.36
17.21
18.07

Table 4. Epoxy pyrolysis products formed at 900 °C for 30 sec.a

13.10
13.28
13.69
14.13

RT (min) Compoundb MF RPA (%)

7.89

2.74
3.63
4.70
5.11
5.71
6.01
6.64
6.88
7.33
7.55
7.70

10.70

7.98
8.30
8.43
8.59
8.95
9.27
9.72
9.93
10.10
10.25
10.54

12.78
12.89
13.00

10.79
10.92
11.05
11.18
11.62
11.68
11.88
12.01
12.38
12.48
12.64
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relative abundance. Thus, other EPA priority
pollutants are being formed, even though this novel
YSF composition has removed the perchlorate
oxidizer to comply with governmental regulations.

Figure 6. Gas chromatograms for the 30 second,
900 °C pyrolysis of YSF and its two polymeric
ingredients, PVC and Epoxy. Dotted vertical lines
denote peaks identified as (a) benzene, (b) toluene,
(c) styrene, (d) cresol, (e) naphthalene, and (f)
methylnaphthalene.

Insight into byproducts of the YSF pyrotechnic
reaction. One final interest involves the origin of
the new YSF pyrolysis products. These new species
can form either as byproducts catalyzed directly by
the excessive temperatures of the pyrotechnic
reaction or as new species via side reactions within
the diverse components of the YSF pyrolysate. We
assume that a relatively high pyrolysis temperature
also hinders the preservation of newly-formed
byproducts; that is, these species may be relatively
short-lived due to prolonged thermal
decomposition. Thus, lower pyrolysis temperatures
should yield an increased relative abundance of
newly-formed byproducts if the pyrolysis
temperature is higher than the pyrotechnic onset
temperature.

Figure 7 shows gas chromatograms that are typical
upon the pyrolysis of the YSF composition, PVC,

small gases 1.23
benzened C6H6 38.77
toluened C7H8 10.37
trichlorobenzaldehyde C7H3Cl3O 0.56
chlorobenzened

C6H5Cl 0.39
ethylbenzened

C8H10 0.97
xylene C8H10 1.23
styrene C8H8 5.69
cyclopropylbenzene C9H10 0.36
propylbenzene C9H12 0.14
ethyltoluene C9H12 2.54
phenold C6H6O 4.01
benzonitrilec

C7H5N 1.98
benzofuran C8H6O 2.61
chlorotoluene C7H7Cl 0.15
indane C9H10 0.45
methylstyrene C9H10 0.10
indene C9H10 2.59
cresol C7H8O 4.88
benzenemethanol C7H8O 1.20
phthalan C8H8O 1.62
butenylbenzene C10H12 0.23
indanonec C9H8O 0.26
tolunitrilec

C8H7N 0.06
xylenold C8H10O 0.16
nitrophenolc,d C6H5NO3 0.10
methylene-tricyclo-octene C9H10 0.49
methylindene C10H10 0.71
tetralin C10H12 0.73
naphthalened

C10H8 10.47
allylcresol C10H12O 0.14
hydroxyquinolinec C9H7NO 0.07
nitrocresolc,d C7H7NO3 0.33
methyltetralin C11H14 0.10
methylnaphthalene C11H10 1.11
benzocycloheptatriene C11H10 1.00
cresol glycidyl ether C10H12O2 0.11
biphenyl C12H10 0.68
diphenylmethane C13H12 0.43
dimethylnaphthalene C12H12 0.08
acenaphthylened C12H8 0.12
fluorened C13H10 0.17
propenylnaphthalene C13H12 0.07
methylfluorene C14H12 0.12
phenanthrened C14H10 0.24
benzazulene C14H10 0.10
dihydroacephenanthrylene C16H12 0.06
pyrened

C16H10 0.04
a

b

c

d EPA Priority Pollutant

23.46
RT is retention time, MF is molecular formula, and RPA is relative peak area.

Compounds identified using NIST Mass Spectral Search Program for the
NIST/EPA/NIH mass Spectral Library, Version 2.0f, build Aug 11, 2008.

Compounds not identified via pyrolysis GC/MS of any individual YSF ingredient.

18.33
19.51
20.46
20.58
22.44

Table 5. YSF pyrolysis products formed at 900 °C for 30 sec.a

15.58
15.91
16.36
18.08

RT (min) Compoundb MF RPA (%)

8.89

2.61
3.60
5.11
6.03
6.50
6.77
6.92
7.32
8.31
8.45
8.59

11.09

9.02
9.25
9.51
9.74
9.94
10.10
10.17
10.25
10.48
10.82
11.00

14.40
15.11
15.32

11.17
11.60
11.86
11.99
12.11
12.47
12.64
12.76
13.19
13.68
14.13
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Figure 7. Gas chromatograms of YSF (top), Epoxy (middle), and PVC (bottom) at 10 different pyrolysis
temperatures held for 30 seconds. Pyrolysis chromatograms have been normalized to the total ion
abundance for each trace.

and the epoxy binder over a range of temperatures.
A close examination of these data shows that the
abundance of discrete peaks varies as the pyrolysis
temperature is changed. For example, a pyrolyzed
PVC peak corresponding to styrene (retention time
of 7.36 min) is most favored at a temperature of

800 °C and slowly decreases in relative abundance
at both higher and lower pyrolysis temperatures. In
some cases, peaks are most abundant at higher
temperatures (e.g., benzazulene and fluroene from
the pyrolysis of PVC) while other peaks are
observed to be most abundant at lower
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temperatures (e.g., benzene and naphthalene from
the pyrolysis of PVC). Similar phenomena are also
observed within both the epoxy and YSF datasets.
The epoxy dataset is particularly interesting, as few
peaks at relatively high abundance are observed.
Identified species included the predominant cresol
glycidyl ether (retention time of 15.12 min) and a
wide range of fragmentation species based on the
diglycidyl ether of bisphenol A matrix.

Overall, the pyrolysis temperature scans are
amazingly similar for the YSF composition and its
PVC ingredient. Thus, it is reasonable to conclude
that the PVC polymer is largely responsible for the
abundance of hydrocarbon incomplete combustion
products. A remarkable dependence on pyrolysis
temperature is also observed in the relative
abundance for several of our newly-formed species
within the YSF dataset. This dependence is most
evident with peaks corresponding to nitrophenol
and nitrocresol (retention time of 11.60 min and
13.19 min, respectively) displaying maximum
relative abundances at lower temperatures.

A correlation can be observed between the
complementary techniques of pyrolysis/GC/MS and
the DSC-TGA thermal analysis. Figure 8 shows a
plot of the abundance factor for each of the newly-
formed YSF pyrolysis products as a function of
pyrolysis temperature. Each species is absent at a
pyrolysis temperature of 230 °C (data not shown)
as the gas chromatogram highly resembles the
pyrolysis of epoxy at 300 °C. This agrees with the
DSC/TGA results which show no significant events
before 300 °C. Significant abundance factors are
observed for nitrocresol, nitrophenol, indanone, and
hydroxyquinoline at pyrolysis temperatures ranging
from 300 - 400 °C and again at 600 °C. Meanwhile,
both benzonitrile and tolunitrile are absent at lower
pyrolysis temperatures and slowly increase in
abundance at higher pyrolysis temperatures. Thus,
we conclude that nitrocresol, nitrophenol, indanone,
and hydroxyquinoline are likely catalyzed via the
harsh conditions of the pyrotechnic reactions (i.e.,
the two exothermic events at 270 °C and 420 °C),
whereas both nitrile compounds are likely formed
via side reactions between available thermal
decomposition products.

Implications for use of polymeric materials
within pyrotechnic compositions. Our
pyrolysis/GC/MS data highlight that
thermochemical calculations should be treated only

Figure 8. Relative peak area (RPA) abundance
factor for the pyrotechnic reaction byproducts
(black) of nitrocresol (solid), nitrophenol (dashes),
indanone (dots), and hydroxyquinoline
(dashes/dots) and for the incomplete combustion
products (red) of benzonitrile (solid) and tolunitrile
(dashes). The RPA factor is calculated by dividing
the integrated chromatogram peak by the value
obtained at 900 °C for baseline-subtracted,
normalized chromatograms.

as a rough estimate to possibly forecast primary
combustion products. It is clear that a tremendous
molecular diversity results from the thermal
degradation of polymeric materials within a
pyrotechnic reaction. The toxicity of these
thermalized byproducts is apparent with many of
these pyrolysis VOCs identified as toxic pollutants
that are listed as a priority for regulation by the
EPA. As such, new pyrotechnic compositions
should strive to replace both the PVC chlorine
donor and the Epon/Versamid epoxy binder with
materials that degrade into compounds that are less
intrusive to the environment. It is our hope that this
work also demonstrates that new pyrotechnic
development should consider utilizing analytical
techniques that can capture and assess new
byproducts that are both unintended and
unpredicted.

RP
A 

ab
un

da
nc

e 
fa

ct
or

temperature (°C)
200 450 700 950 1200

0

5

10

15

20

25

246



42nd International Pyrotechnics Society Seminar
Submitted for consideration of the Dr. Bernard E. Douda Young Scientist Award

CONCLUSION

Mass sensitive techniques have been used to study
gas-phase reaction byproducts evolving from a
pyrotechnic reaction containing polymeric
ingredients. Using a combination of pyrolysis,
calorimetry, and thermochemical derivations, we
find evidence for unpredicted, toxic chemical
species. These toxic species evolve both via
incomplete combustion (via polymeric
decomposition) or via unintended side reactions
catalyzed by the excessive temperatures of the
pyrotechnic reaction. This method offers a new tool
to empirically characterize pyrotechnic reaction
products with the goal to reduce environmental
contaminants.
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ABSTRACT

The ignition of pyrotechnics resulting from the deposition of heat into the composition relies on
several mechanisms, in particular, convective heating, radiative heating and condensative heating. In the
dynamic environment of a burning ignition composition, these parameters can be difficult to quantify,
however, in order to develop and validate ignition models, quantitative data on heat transfer via these
mechanisms is required.

A test vessel and methodology has been devised to measure the heat flux through a conductive
“window” resulting from the combustion of a confined pyrotechnic or propellant sample. Several
pyrotechnic and propellant materials have been tested and their relative rates of heat deposition determined
with reference to burn rate and closed vessel test data. By testing materials with predominantly gaseous or
condensed phase products it is possible to evaluate the contribution of these mechanisms to the total heat
transfer.

Testing has been conducted on a range of pyrotechnic compositions and the results used in the
validation of a computer model.

Introduction

Ignition of pyrotechnics resulting from the deposition of heat into the composition relies on several
mechanisms, in particular, convective, radiative and condensative heating. In the dynamic environment of a
burning ignition composition, these parameters can be difficult to quantify, however, in order to develop and
validate ignition models, quantitative data on heat transfer via these mechanisms are required.

A test vessel and methodology has been devised such that it is possible to measure the heat flux
through a conductive “window” resulting from the combustion of a confined pyrotechnic or propellant
sample. By testing materials with predominantly gaseous or condensed phase products it is possible to
evaluate the contribution of each of these mechanisms to the total heat transfer. The test vessel incorporates
a heat flux transducer into a steel body, protecting it from the energetic material under test by use of a
thermally conductive sensor window. The energetic is burnt in a sealed chamber and monitored by a
pressure transducer.

Testing has been conducted on a range of pyrotechnic compositions and the results used in the
validation of a computer model.

Experimental

The heat flux vessel was designed to implement a Vatell HFM 6-D/H Heat Flux transducer [1]. The
Vatell HFM 6-D/H was chosen as it had the fastest response time (300µs) for a commercially available heat
flux transducer. This is essential for energetic events due to their rapid nature. There were certain difficulties
implementing the sensor as it has a maximum pressure rating of 1 MPa, and can withstand a maximum
temperature of 850 °C, whilst not being disposable. It was also thought that the sensor would not withstand
the rapid shock loading of a deflagration event. The vessel was therefore designed to protect the sensor
whilst enabling it to record the thermal properties of a pyrotechnic material by the placement of a conductive
“window” between the sensor and the pyrotechnic. Heat is thus transferred directly to the window and then
conducted into the heat flux sensor.

The heat flux vessel was designed as a closed vessel with a burst disc mechanism incorporated into
it. A closed vessel was designed in order to contain the reaction products such that the data from the HFM 6
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could be interpreted as results from known reaction products in a vessel with known properties (volume and
thermal properties). A Kistler 601-H pressure transducer was also incorporated into the vessel to monitor the
pressure in order to determine the point at which the burst disc fails and gaseous products are vented. The
design of the heat flux vessel is shown in Figure 1.

Figure 1: 3D Model of Heat Flux Vessel

The vessel accommodates pyrotechnic pellets of 10 mm diameter by a maximum 10 mm height. The
pellets can be perforated along their length to allow combustion products to reach the sensor window.

The vessel was designed to allow the sensor window to be varied in thickness between 0 and 40 mm,
where a 0 mm window would put the sensor in contact with the pyrotechnic pellet. The pellets are inserted
into the vessel inside a disposable ceramic pellet holder which insulates the pellet from the steel body of the
vessel which could act as a heat sink.

The pellets are ignited with an electric fusehead inserted through a 5 mm hole in the base of the
pellet holder. The wires to the fusehead pass through a disposable seal system used in pressure vessels.

Ideally, a low heat capacity window with thermal properties matched to the material under test
would be used in order to achieve the best possible data resolution, however, initial experiments with an
available low heat capacity window material showed it to be unsuitable. The thermal shock from the
combustion of the pyrotechnic material caused it to shatter and resulted in damage to the heat flux sensor.
Consequently, highly thermally conductive C101 copper discs were chosen as the most suitable material for
the majority of testing as they quickly conduct heat to the sensor. In practice, it was found that a 2.5 mm
copper window was sufficient to protect the sensor and transmit heat rapidly enough to provide useful data.

The incorporation of replaceable sensor windows allows for future studies to investigate windows
with alternative thermal properties to fit specific requirements, such as infra-red transmission, in order to
quantify the contributions of the various heat transfer mechanisms.

Several energetic compositions have been tested in the heat flux test vessel to allow comparison
between the broad families of primer compositions, gasless delay compositions, tracer compositions and
propellant compositions.

252



Results

Ten pyrotechnic and propellant compositions have been compared in the heat flux vessel, falling into
the broad categories of “Primers and Delays”, “Tracers” and “Propellants”. Comparative results are shown
in Figures 2 to 4 and these show the peak results from each composition tested in the heat flux vessel. The
peak heat flux recorded for each material was dependent on the time to rupture of the pressure relief disc, so
the data with the highest peak have been chosen as representative of the potential performance available
from each of these compositions if used in an ignition scenario requiring deposition of heat.

Figure 2: Heat flux plots from Primer and Delay Compositions

The Primer and delay plots are characterised by relatively broad peaks, especially for those
compositions with lower peak heat flux. This shows the contribution of condensed phase products, typical of
these types of composition, to the total heat output of the composition. Primer 3 stands out as delivering
significantly more heat than the other four compositions in this group; it was a particularly dense
composition with two condensed phase products.
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Figure 3: Heat Flux Plots from Tracer Compositions

Figure 4: Heat Flux Plots from Propellant Compositions
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The tracer compositions typically had a longer burn duration than the primer compositions but
delivered a similar heat flux profile due to the predominantly gas phase products. The propellant
compositions produced the lowest heat flux of all of the types of compositions.

During testing, the primer, delay and propellant compositions tended to burst the pressure relief disc
due to the rapid production of gas, even in the case of the ostensibly gasless delay compositions. The tracers,
on the other hand, tended to ignite more slowly and burn through the igniter port seals. There are design
modifications which could be implemented to ensure more consistent pressure release between types of
composition.

Discussion

The flare and tracer compositions tested in this vessel have been shown to exhibit similar heat flux
characteristics to the primers and delays however, the primers’ tendency to rapidly burst the pressure relief
disc implies that the predominant mechanism for heat transfer is conduction, whilst the tracers vent more
slowly, indicating that convection may play a greater role. The propellant compositions generate
predominantly gaseous products and burst the relief disc rapidly, resulting in significantly less heat transfer.
This would indicate that heat transfer from these materials may be reliant on convection and is limited by the
rapid venting.

These data, in the current form, allow comparison between materials in a controlled environment,
they do not quantise the energy which would be transferred to a pyrotechnic during ignition; however, they
have been of use in the validation of the QinetiQ Modular Internal Ballistics Software (QIMIBS) [2] which
contains models of the convective, radiative, condensative and conductive heat transfer processes. QIMIBS
was validated against data generated in this vessel, predicting the heat flux and temperatures observed.
Based on this validation, it has subsequently been used with models of thermochemical equilibrium to
accurately predict the ignition delay of igniters and flares in significantly different environmental conditions.

Conclusions

The heat flux test vessel has been used to compare ten compositions of three broad types.
Consideration of the heat flux profiles and venting behaviour of the compositions in light of their natures has
provided insight into the heat transfer mechanisms in action inside the vessel. Data generated in the vessel
have been used to validate the heat transfer models of QIMIBS and predict ignition delays in flares.

Further development of this vessel could allow investigation of heat transfer mechanisms in isolation
and improve the development of highly specific ignition compositions.
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ABSTRACT 

 

It has been shown that high-temperature reactions are readily influenced by electromagnetic fields.  

Several spectral emitters based on group 1 alkali metals (e.g., Na and K) are strongly electro-positive with 

low ionization energies which make them excellent candidates for electromagnetic coupling.  This 

preliminary investigation will explore the effect of microwave radiation on the combustion characteristics 

and spectral signature of pyrotechnic flares.  Small pyrotechnic samples will be initiated inside of an 

energized 500 W 2.45 GHz microwave cavity which may produce plasma in the combustion plume with 

unique spectral features.  Stoichiometric mixtures of Mg/NaNO3 and Mg/KNO3 have been targeted due to 

their high adiabatic flame temperature and high expected concentrations of Na+ and K+ ions (inferred 

presence of microwave-absorptive free electrons) in the flame zone.  Combustion effects will be 

evaluated with high speed imaging and visible/IR spectroscopy.  The expected result is that microwaves 

will enhance the flame temperature, burning rate, as well as enhance specific emission bands of the group 

1 alkali metal compounds. 
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Abstract
Over the past several decades, there have been dramatic changes in light measurement technology.
For example, Weston cells were once used to make luminous intensity measurements but have
been replaced by silicon detectors with photometric filters. Visible light spectral measurements
(once made with single grating spectrometers) are now measured with silicon charge coupled
devices (CCD) for fast spectral measurements. To develop high-performance illuminants, the
pyrotechnician not only needs to understand high-temperature combustion chemistry but also
needs to understand the nature of light emission and how to accurately measure and quantify
emitted light. In this paper the basic theory and practical aspects of light measurements will be
discussed. Examples of experimental setups and methodologies will be described for measuring
physical quantities such as luminous intensity and emissive color.

1. A Brief History of Light and Light Measurements
Mankind has always been fascinated with light. Some of the earliest records show that Peking

man may have lit fires in caves as early as 400,000 BC (Williams, 1999). In 4500 BC oil was
placed in round manmade bowls and used to provide light. Candles, made from beeswax and
tallow, were invented by the Egyptians around 3000 BC and provided an alternative to oil based
lamps (History of Candles, n.d.). The first street lamps appeared in the streets of Cordova, Spain
in the year 1000 AD.

In 1666, Sir Isaac Newton used a prism to disperse white light into its component colors.
This was a revolutionary discovery because people at the time thought light was a mixture of light
and darkness. He also recombined colored light back into white light using the same prism further
validating the idea that white light a combination of different colors. Newton also hypothesized
that luminous bodies radiate light as particles and that the particles radiate in straight lines. Later
Huygens and Young showed that some of light’s properties are attributed to its wavelike
properties.

The first practical light detector was developed by Nobile and Melloni around 1830
(Palmer, 2010). They developed a thermopile sensor that detects light by the thermal energy
imparted to an array of thermocouples. Even though thermopiles are not very sensitive to low
levels of light, this detector was the first device to quantify the amount of light incident on a
surface.

The silicon diode, the cornerstone of modern light measurements, was developed in 1954.
In its simplest form, the silicon photodiode is composed of a P-N junction. A P-N junction is
fabricated by combining two different semiconductors, a positively doped semiconductor (p-type)
and a negatively doped semiconductor (n-type). When light strikes the surface of a p-n diode, an

257



electron pair hole is produced within the material. Due to the internal electric field of the diode,
the electron is swept towards the anode and the hole towards the cathode producing a photocurrent.
When the detector is operated in the photovoltaic mode (no voltage bias) the photocurrent is
linearly proportional to the level of light striking the detector. Silicon photodiodes are typically
used for measuring visible light and near infrared light.

But what good is a photodetector if you don’t have a way to collect the signal and process
it? The first systems that could record signal produced by photodetectors were based on strip chart
recorders. A strip chart recorder produced a paper record of the event which could be stored and
analyzed. Even though this enabled users to store data they were cumbersome and made it difficult
to analyze data. In 1983, National Instruments released one of the first GPIB data acquisition cards
(Instruments, 2016). This data card allowed users to digitize analog data and store it on a computer.
The digitization of the data allowed users to write computer code to analyze the data rapidly and
quickly. As electronics and computer technology matured, digital data collection systems have
become more sophisticated and widespread.

The intent of this paper is to give the reader a brief overview of how light is produced from
pyrotechnic light sources and the basic theory of light measurements. The point source
approximation is used to simplify the radiometric equations needed for describing the energy
transfer from the source to the detector. Basic equations will be presented without complex
mathematical derivations. For readers interested in a more in-depth description of both light
emission and light measurement references will be provided at end of this paper.

2. Basic Theory of Light Emission
2.1 Background

When a pyrotechnic item (i.e. signal flare or illuminant) undergoes combustion there are
several mechanisms by which light can be emitted. Depending on how the item is formulated,
white light or colored light can produced. But what exactly is light? Originally light was thought
to be composed of individual particles of energy, or corpuscles, which traveled from the source to
the person’s eyes in straight lines (Serway, 1983). Eventually this concept was disproved and light
was then thought to be a wave. Upon further experimentation the wave theory of light by itself
could not explain other properties of light such as the spectral distribution of incandescent sources.
Eventually, both of these concepts were inadequate for describing the newly discovered properties
of light.

One of the first modern breakthroughs in understanding the nature of light was by Max
Plank. Plank developed an empirical equation for describing the spectral distribution of radiation
emitted by a blackbody radiator. This equation is given below (Woan, 2000):

L= (1)

Where L is the radiance, h is Plank’s constant, c is the speed of light, T is the temperature, is the
wavelength, and k is the Boltzman constant. This equation can be used to show the spectral
distribution of energy for a given wavelength and temperature. In developing this equation, Plank
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had to make some radical assumptions (for that time). For energy to be emitted from a blackbody
radiator, the atoms (treated as oscillators) could only emit energy in multiple of nhf, where n is a
quantum number, and f is the frequency of the oscillator. The energies of the oscillator are
quantized and can only emit energy when moving from one quantum state to another. The
oscillators can only emit or absorb energy in discrete quanta (photons). This lead to the radical
thought that the photons can only have energies of hf when the oscillators move between two
quantum states. Plank had a difficult time with this concept and did not really accept the concept
of quantization of photons and searched for a different explanation. Physicists at that time
continued research on light emission and quantum theory was the only way to explain these effects
at the atomic level.

The photoelectric effect, originally discovered by Hertz, is a classic experiment that finally
showed the energy of a photon is quantized and that the energy of a photon is related to its
frequency and not to its intensity. In this experiment, a metal cathode is placed within an evacuated
tube together with an anode and a potential voltage is applied between the two electrodes. When
light strikes the metal plate (with the correct frequency), photoelectrons are ejected from the metal
surface and collected by the positively charged anode. Photoelectrons are only ejected from the
photocathode when the energy of the incident light exceeds the cutoff frequency of the metal1. If
the intensity of light is increased, the number of photoelectrons increases but not the energy of the
photoelectron.

Einstein’s paper (written in 1905), finally explained the reason for these observations. He
used the concepts originally developed by Plank and applied them to electromagnetic waves and
hypothesized that light is composed of quantized energy packets (called photons) with energy E=hf
(h is Plank’s constant and f is frequency). He reasoned that the energy of the ejected photoelectron
must be equal to the energy of the incoming photon. If the energy of the photon is less than the
cut-off frequency of the metal, then a photoelectron is not emitted from the metal cathode.

So what does all of this have to do with light produced during high temperature chemical
reactions? Plank’s law will be used to show how white light is produced for high temperature
combustion reactions. Colored light emission is controlled by discrete atomic and/or molecular
transitions. Depending on the reaction temperature and formulation, one can produce either white
light or colored light. In the next section we will cover how light is produced in pyrotechnic
formulations.

2.2 Colored and White Light Production in Pyrotechnics
In general, pyrotechnic systems can emit light by two different mechanisms: broadband

emissions and atomic/molecular emissions. Broadband light emissions are produced when hot
particles are rapidly heated to high temperatures. As particles are heated they first begin to produce
infrared light (low temperature) followed by visible light (high temperatures). The spectral
emission emanating from hot particles (as a function of temperature) can be predicted with Plank’s
law (equation 1). For example, Figures 1a and 1b show the spectral radiance for low temperature
sources (Figure 1a) and high temperature sources (1b). As can be seen from Figure 1, as the

1 Actually the kinetic energy of the ejected photoelectron is slightly less due to the energy needed to overcome the
surface energy of the metal (called the work function).
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(a)

(b)

Figure 1.  Radiance calculated with Plank’s law.  Radiance of low
temperatures are plotted in (a) and high temperatures are plotted in
(b).
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temperature increases the maximum emission wavelength shifts to shorter wavelengths. The
intensity (or radiance) will exponentially increase as the temperature increases.

Incandescent particles produced during combustion are broadband emitters and can be used
to produce white light. For example, pyrotechnic compositions containing magnesium can be used
to produce white light since the oxidation of magnesium to magnesium oxide (MgO) liberates a
considerable amount of energy, helping to increase the overall temperature of the reaction. To
produce white light, adiabatic flame temperatures in excess of 3000ºC are required (Conkling,
2011). When zirconium metals are combined with oxidizers brilliant white light can be produced
with adiabatic temperatures around 5000ºC.

Colored light emission is more complicated. In combustion reactions, there are essentially
two ways to produce colored light: Atomic emitters and molecular emitters. Atomic emitters have
very sharp spectral emissions that are due to distinct atomic transitions between energy states. In
general when an electron drops from a high energy state to a lower energy state, a photon is
emitted. A good example of an elemental emitter is sodium, which is commonly found as an
impurity in pyrotechnic oxidizers (i.e. KNO3 and BaNO3) and also as the oxidizer NaNO3 (yellow
light emitters). Sodium has a sharp spectral emission line at 589 nm. The more common colored
emitters in pyrotechnics are molecular emitters. These emitters are more complex due to
overlapping rotational and vibrational bands created when the molecular emitters are “energized”
during combustion. The spectral emission lines from these emitters are significantly broader than
the atomic emitters. In Figure 2, a spectral emission curve is shown for MgB2 based green light
emitting composition (Brusnahan, 2016). The molecular emitter BO2 has broader spectral lines
than both the elemental Na and K atomic emitters. Other common molecular emitters are SrCl
(red) and BaCl (green).

The production of colored light generally requires high temperatures to energize the system
and to produce the emitting species in sufficient quantity. Incandescent emission must be

Figure 2.  Spectral emissions produced by a MgB2 based green light emitting
composition.  Note the width difference between the BO2 lines and the Na
and K lines.
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minimized since broadband light emission can “poison” colored light production by making the
resulting color appear washed out. Control of impurities, such as sodium, is also critical for
producing vibrant colors since unwanted light emission can alter the desired emitted color by the
introduction of unwanted emission lines.

3. Radiometry
3.1 Introduction

One of the most critical aspects in making good light measurements is an understanding of
radiometry. Radiometry is defined as the measurement of optical radiant energy (Palmer, 2010).
Knowing the difference between radiometric units and being able to relate this to the fundamental
equation of radiometry makes setting up measurements simple and will enable to user to make
quality measurements. Before getting to the fundamental equation of radiometry, we should go
over some important concepts.

The first concept is the solid angle. The solid angle is defined as the angle that is located
at the center of the sphere and its area equal to the square of the radius. The area of the sphere that
is subtended by the angle is a hemispherical cap of a sphere (Moller, 1988). Because most
pyrotechnic light measurements involve detector-source distances that are far enough to enable the
use of the point source approximation, we can safely use the planar surface area instead of the
spherical surface area (Ryder, 1998). The equation for the solid angle (using the point source
approximation) is defined as: = (2)

Where 	is the solid angle, A is the area of the source (or detector), and d is the distance between
the detector and the source. The unit of the solid angle is the steradian and it is unitless. When
calculating the solid angle make sure that the area and distance are in the same units. A sphere has
a solid angle of 4π steradians.

The most basic optical measurement that a person can make is an irradiance measurement.
Irradiance is defined as the power per unit area striking a surface and is defined as:

= (3)

where E is irradiance (W/m2), is the power, and A is the area. One of the key aspects of irradiance
is that it value falls off with the distance squared (if the distance is large enough). This statement
leads to an important point. In order to use the inverse square approximation the distance must be
at least 10 times the maximum radius of the source (Ryder, 1998). Irradiance measurements are
usually converted into other units such as radiant intensity or radiance. If someone gives you the
irradiance of a pyrotechnic light source always ask the distance the measurement was taken.
Otherwise making irradiance measurements at different distances will lead to different answers
(unless the distance is specified).
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Another way to describe a light source is its radiant intensity. Radiant intensity is defined
as the power per unit solid angle (in a specific direction). The equation that describes the radiant
intensity is given as: = (4)

Where I is the radiant intensity (W/sr), E is the irradiance as defined in equation 3, and d is the
distance between the source and the detector. Upon inspection one should see why radiant intensity
is a good way to report the level of light emitted by a source. If one measures the same light source
at two different distances, they will get the same radiant intensity. Most pyrotechnic light
measurements call for measuring the radiant intensity of a source. But this measurement still lacks
one physical characteristic of the source, being the area of the source which leads to our next unit:
radiance.

The radiance of a source is defined as the flux per unit solid angle per unit area. This is
perhaps the most descriptive measurement of a source but also the most difficult to measure since
one has to measure both the source area and the detector irradiance at the same time. Radiance is
a fairly descriptive measurement of the source since it incorporates the area of the source as well
as the distance from the detector2. Often when measuring the radiant intensity there are small
perturbations, or fluctuations in the area of the flame, which manifest itself as oscillations in radiant
intensity. This is caused by small changes in the area of the flame, which becomes apparent in the
radiant intensity measurement but not in the radiance measurement. The formula for radiance is:= (5)

Where L is the radiance (W/(m2
*sr)), I is the intensity and A is the area. Table 1 shows the major

radiometric quantity units with their base equations and units.
One of the most important equations is the fundamental equation of radiometry. The

equation is defined as: = (6)

Where the variables have been described in equations 3-5. The use of this equation assumes that
the source is a point source and that the distance is large enough that the inverse square law applies
to the measurement. This equation also assumes that the source and detector are perpendicular to
each other. If the detector, or source, are at an angle then angular effects must be considered. For
example if the detector is at an angle to the source the intensity will be less by the cosine of the
angle.

2 There are optical detectors that are designed to measure radiance directly.  These detectors have very narrow
field of view optics that are basically overfilled by the source.  This kind of measurement is limited to measuring
the light output from a small area relative to the entire event.
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Table 1. List of radiometric quantities and their units
Radiometric unit Equation Units

Irradiance W/m2

Radiant Intensity W/sr

Radiance W/(sr*m2)

Figure 3 shows a radiometric diagram that describes most pyrotechnic measurements. The source
(area is As) subtends a solid angle with the detector, represented by ω, of As/d2. Using equation 5
and inserting the constants from Figure 3:

(7)

For example, using Equation 2 the irradiance at the detector is given by equation 8:

(8)

where Ed is given as / . Using Equation 6 one can easily calculate different radiometric
quantities. For example, a distance can be calculated to insure that source-detector distance is
adequate to prevent bright sources from saturating the measurement system. Working backwards
with Equation 6 one can calculate the radiance of a source from a given detector irradiance.

ω

Ad

As

d
Figure 3. Radiometric diagram showing the relationship between the source (As), detector (Ad),
distance between the source and detector (d) and the solid angle (ω). Subscript s represents the
source and d represents the detector.
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3.2 Photometry
The eye, which is composed of many intricate parts, dynamically adapts to the light level

thus enabling us to see both during the day and at night. By use of the different parts of the eye
and its refractive properties, the eye is able to focus the light coming from different distances onto
the retina. Color and light sensitivity is controlled by the rods and cones cells that reside on the
retina.  The eye has about 6.8 million cones that are primarily active during the daytime and are
responsible for color acuity (Schanda, 1997). There are three different kinds of cone cells, each
active over a specific range of wavelengths3. The cones reside primarily in the center of the eye
and enable people to see color during the day. The eye contains 115 million rod cells that enable
low light peripheral nighttime vision. Due to the off-center location of the rod cells, objects viewed
at night are best viewed peripherally and not viewed directly. At low light levels (night) it is not
possible to sense color since the rods contain a single pigment that is only sensitive to relative light
levels.

While radiometric measurements measure absolute power (either at specific wavelengths
or over a range of wavelengths), photometry is focused on how the human eye interacts with light.
Depending on the relative light level, the spectral sensitivity of the eye changes due the chemical
activity of the cones and rods. The eye’s daytime response to light is described by the photopic
luminosity function and the nighttime response is described by the scotopic luminosity function.
The eye’s peak spectral response in daytime occurs at 555 nm while at night the peak response
shifts to the blue and peaks at 507 nm. Both luminosity functions are shown in Figure 4.

3 The cone cells are classified as short wavelength sensitivity, mid-wavelength sensitivity, and long wavelength
sensitivity.

Figure 4. Efficiency vs. wavelength for photopic
and scotopic luminosity functions.
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To convert radiometric spectral measurements to photometric measurements the following
equation is used4:

∅ = 683 () ()  (9)

Where V() is the weighing function (photopic or scotopic) and () is the radiant power. A new
unit, luminous power (∅), is defined to distinguish it from radiometric power5. The geometric
definitions that I discussed for radiometric quantities are exactly the same for photometry, except
they have new units to distinguish from their radiometric counterparts. Table 2 shows the new
photometric units alongside their corresponding radiometric units.

3.3 Color Measurements
In the early 1920’s attempts were made to understand how humans perceive color. In 1931

the Commission International de L’Eclairage (CIE) developed standards by which color can be
measured and defined. Three different tristimulus curves (X,Y,Z), based on the relative response
of the eye’s cones (known at that time), were devised. The chromaticity coordinates were then
developed so all visible colors can be represented by two coordinates (x,y). In the 1970s
researchers found that the 1931 CIE system biased the eye response to green and less to red, so
attempts were made to correct the issues with this system and a new standard, the 1976 CIE
standard, was developed but was never adopted. The 1931 CIE standard remains the methodology
to which emissive colors are quantified (Some Color History, 2016).

4 The limits of the integral are the photopic wavelength range of 380 nm to 780 nm.
5 To calculate scotopic power replace the photometric constant of 683 lm/w with 1700 lm/watt and substitute the
scotopic weighting function in Equation 9.

Radiometric Photometric
Quantity Term Unit Term Unit
Power Radiant power W Luminous power lm

Power per unit
area

Irradiance W/m2 Illuminance lm/m2

Power per unit
solid angle

Radiant Intensity W/sr Luminous intensity lm/sr

Power per unit
solid angle per

unit area
Radiance W/(m2

*sr) Luminance lm/(m2
*sr)

Table 2. Comparison of radiometric units to photometric units.
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Figure 5 shows the functions that will be used to setup the integrals for the tristimulus
equations and used to form the expressions for both the dominant wavelength and spectral purity.

For self-luminous light sources (pyrotechnics!) the equations that are used to define the three
different tristimulus value (capital X, Y, and Z) given as:

X =  ̅   (10)

Y=    (11)

Z=  ̅   (12)

Where ̅ , , and	 ̅		are the color matching functions, k is the radiant to luminous conversion
factor (683 lm/w), and  is the radiometric power. The equations for the chromaticity
coordinates (lower case x, y, z) which are given in equations 13 - 15.= (13)

= (14)

= (15)

Figure 2. Comparison of the three color matching functions.

Figure 5. Comparison of the three color matching function. Data
taken from the Color Vision Research Laboratory (London, 2016).
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The CIE developed the chromaticity curve which is currently used to determine the dominant
wavelength and spectral purity of a luminous sources. The curve is given in Figure 6.

So how do we actually measure color? When defining the emissive color of a source there
must always be a white reference point in the chromaticity diagram. There are many white
reference points and one selects an appropriate reference point for their intended application. For
example, comparison of a light source to a tungsten filament is best represented by illuminant A
since it is modeled to resemble a Planckian radiator at 2856 K (Schanda, 1997). To compare light
sources to natural daylight, Illuminants B and C are used6.

Luminous light sources often emit over a range of wavelengths. The dominant wavelength
is the single wavelength that gives the same visual response as this wavelength combined with an
achromatic light source emitting over a range of wavelengths. The spectral purity is a measure of
how close the dominant wavelength is to its monochromatic equivalent. For example, a red light
emitter with a spectral purity of 90% will appear very pure as compared to a spectral purity of
40%. Light sources with high levels of incandescent emitters have low spectral purities and appear
washed out.

In the example in Figure 6 the white reference point is located at A. To calculate the
dominant wavelength a line is drawn through the white point and through the measured light
source. The intersection of the line with the outer part of the curve is the dominant wavelength. In
this example the intersection is indicated by point C and is located at 555 nm. The spectral purity
is calculated by taking the length of the line segment from the white point to the coordinates of the

6 The US Army color specifications specify Illuminant C as the white reference point.

A

B

C

Figure 6. Chromaticity diagram showing dominant wavelengths. The colors represent the
luminous colors for given combinations of x and y. For illustrative purposes the white
reference point is located at point A and the chromaticity coordinates of a hypothetical light
source is located at point B. The white reference at point A can be one of a number of white
reference point such as Illuminant B, C, depending on the objective of the measurement.
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light source at B and dividing it by the entire line segment AC. The spectral purity is calculated by
the following expression:

	 = 	 		 	 (16)

Spectral purity can be reported either as a fraction or a percentage.

4. Performing a Measurement
4.1 Equipment Considerations

The final part of this paper will discuss selecting equipment and setting up an actual
measurement. Selecting the proper detector(s) for the desired wavelength range is very important.
Considerations such as expected signal levels, cooled vs. uncooled detectors (critical for infrared
measurements), optics for controlling the field of view, and data acquisition systems are all
variables that need to be considered when designing a measurement system. One of the first design
considerations is what part of the spectrum is to be measured? Table 3 shows the wavelength range
for several commercially available detectors. One interesting point to make is that infrared
detectors almost always require external cooling to reduce thermal noise and to enhance
performance. Another consideration is photovoltaic vs. photoconductive detectors (Saleh, 1994).
Photovoltaic detectors are unbiased and generate a linear change in output current with incident
light7. Photoconductive detectors are reversed biased (voltage applied across the cathode and
anode) and the incident light changes the detector’s resistance.

Measurement systems based on photovoltaic detectors are easy to set up. A simple
photovoltaic-based measurement system consists of a detector connected to an amplifier that
converts current to voltage (i.e. transimpedance amplifier). This enables the user to select the
appropriate gain level for the desired measurement. Photoconductive detectors require the use of
a light chopper (to modulate the incident light) and lock-in amplifier to extract the light level from
the chopped light signal8. These measurement systems are more difficult to set up and are more
expensive due to the extra electronics. Extra care is needed to select the correct chopping frequency
to match the desired data collection rate.

The type of measurement will dictate if a banded measurement or a spectroscopic
measurement will be needed. Banded measurements involve putting a filter in front of the single
element detector to select the bandpass the desired region of interest. For example, if the
photometric response of a light source is desired then a photometric filter will be placed in front
of the detector. Both the filter and detector are calibrated as a single unit. If a spectrum is desired
(energy versus wavelength), then a grating-based CCD spectrometer can be used for this
measurement.  Typical USB powered units are available with 2048 or 3648 pixels. Care must be
taken to select CCDs that are linear with light level for the desired integration time. Some CCDs
exhibit non-linear behavior with low integration times (for fast measurements).

7 Photoconductive detectors are biased by applying a reverse voltage across the P-N junction of the detector.
8 A light chopper is a spoked wheel that spins at a preset frequency.  The incident light is modulated at this spin
frequency and the lock-in amplifier extracts the light level at this frequency.
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Another aspect to selecting a detector is the field of view (FOV). The FOV can be defined
as the angular extent to which a luminous object can be measured by the detector. For example, if
the FOV of a detector is 30º then the FOV of the detector at 50 feet is ~58 feet in diameter. A
schematic of this is shown in Figure 7 for a hypothetical InSb detector with a 30º FOV. The field
of view definition brings up an important point. When designing a measurement, the luminous
object to be measured MUST be smaller than the detector’s field of view. If the object exceeds the
field of view then part of the energy being emitted by the object is not being captured by the optical
detector and is lost.

The method of data collection is yet another important aspect in the design of a
measurement system. Almost all modern measurement systems are designed to take an analog
signal and digitize it for collection and processing by a computer. Data acquisition cards are
available with different data collection rates and different levels of precision. For example 12-bit

9 HgCdTe detectors can be doped to modify their bandgap changing their spectral response and mode of operation
from photoconductive to photovoltaic. Photoconductive and photovoltaic MCT detectors are commercially
available.

Detector
Wavelength
Range (um)

Cooled or
Uncooled

Photovoltaic or
Photoconductive

Silicon 0.190-1.1 Uncooled Photovoltaic

InGaAs 0.8-2.6 Either Photovoltaic

PbSe and PbS 1.0-4.8 Cooled Photoconductive

HgCdTe 0.4-14 Cooled Either9

InSb 1.0-5.0 Cooled Photovoltaic

Figure 7. Schematic of the field of view for a hypothetical InSb detector.
50 ft

58 ft

InSb detector

30º

Table 3. List of several commercially available photodetectors and their
mode of operation and wavelength range.
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and 16-bit data cards with a wide range of data collection rates are commercially available. In
general, the length of the event will dictate the data rate needed to capture the measurement. If one
is measuring an illuminant candle that burns for 50 seconds then selecting a very high data
collection rate is unnecessary since this will result in an extremely large data file. Conversely,
measuring a fast event, like a flash, will require a fast data rate to capture the event. The voltage
resolution of the signal is important because the higher the resolution, the greater the fidelity of
the signal. For example, if a 16-bit data card with a voltage range ±10V is used to collect a signal,
then the smallest change that can be detected is 305 V (20/65,536). For a 12-bit data card, the
minimum variation will be 5 mV.

4.2 Setting up a Measurement
When setting up a measurement, it is critical that certain aspects of the measurement be

understood so as to best select the proper equipment and measurement distance. Having an idea of
the source intensity is always a good idea since this can be used to initially select the amplifier
gain level (or integration time for spectrometers) so that the signal stays within the measurement
(voltage) range of system. If the signal exceeds the upper voltage limit of the system then it is
saturated and the data is effectively “lost” since the true intensity of the source is not known.
Likewise if the signal is too low it will be dominated by noise and contain very little information.
Knowing the diameter of the flame (or fireball) helps to set the correct distance to insure the
measurement meets the requirement of the inverse square law (section 3). Knowing the fireball
diameter is also critical to insure that the entire flame front is being measured and does not exceed
the FOV of the detector at the measurement distance.

Another VERY important point is to insure that the detector is perpendicular to the source.
If the detector is placed on an angle to the source then the signal will be decreased by the cosine
of the angle. Not being aware of the angle of the detector relative to the source will also introduce
errors since the angle will not be able to be reproduced when the equipment needs to be set up for
additional measurements.

5. Summary
Performing good repeatable light measurements is not difficult if one understands the

basics of radiometry and how to setup a good measurement. A working knowledge of the emission
source (output and flame front diameter), measurement equipment, and intent of the measurement
is critical to getting good measurements. In this paper the basics of radiometry, photometry, color
measurements, and equipment selection were discussed. Several references are included in this
paper for readers who are interested in learning more about light emission and optical
measurements.
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ABSTRACT 

Pyrotechnic mixtures mostly consist of systems of fuel and oxidizer particles with defined mixture ratios 

and particle sizes. After ignition by a defined energy input, they react highly exothermic with a high 

energy release in a combustion process and produce a bright shining reaction zone with light emission 

from UV till the far MIR. Especially for colorful emission and high temperatures, metals or metal 

compounds are used. Emission spectroscopy is a well-known experimental measurement technique to 

examine the reaction zone and burning behavior of such mixtures. By analyzing the resulting emission 

spectra, valuable information can be obtained: the intermediate and end product occurrence, the particles' 

surface and gas phase temperature, the emissivity, the radiation of energy, the CIE-color, and the reaction 

mechanism. In the case of pyrotechnic mixtures, most of this information can be received from the emitted 

light in the UV/VIS wavelength range. In the gas phase of the reaction, the intermediate products, e.g. 

atoms and diatomic molecules, emit because of a stimulated electronic transition. In the UV/VIS 

wavelength range, they show atomic lines and diatomic molecule band systems. The background emission 

is usually gray body radiation of the solid particles. Because of the high temperature, the maximum of the 

gray body function is in the near-infrared wavelength range and therefore, it is still visible in the UV/VIS 

range. 

A valuable experimental device to investigate pyrotechnic mixtures is a window bomb. At ICT, a color 

high-speed camera and a fast grating UV/VIS spectrometer are used to monitor the reaction process. The 

window bomb is a chimney type high pressure autoclave, which can be operated with different gases and 

pressured up to 15 MPa. For the correction of the intensity ratios of atomic lines and diatomic molecule 

band systems and to obtain information about the radiated energy, an intensity calibration is necessary. It 

corrects for different sensitivities of the detector and correlates the measured intensities with the radiance. 

The calibration was realized using a calibrated light source with known radiation, in our case a Tungsten 

strip lamp. In addition, the optical setup was adapted to limit the view angle. 

By analyzing the received UV/VIS spectra of the experiments, the chronological occurrence of different 

species can be reconstructed. The gas phase temperature and the molecules emissivity can be obtained by 

modeling the spectrum from the atomic lines and the diatomic molecule band systems. 

In this work, we present how emission spectra are obtained in the UV/VIS range, as well as how the 

spectra are analyzed. We demonstrate the technique in various examples. 
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Introduction 

Pyrotechnic mixtures mostly consist of systems of fuel and oxidizer particles with defined mixture ratios 

and particle sizes. After ignition by a defined energy input, they react highly exothermic with a high 

energy release in a combustion process and produce a bright shining reaction. Actually, this type of 

reaction is of widespread interest to rapidly produce large amounts of heat at high temperature levels and 

has found many applications [1][2]. Pyrotechnic mixtures are used for welding process which is still the 

most frequently used method for welding of railroad tracks [3]. They are also used to purify ores of some 

metals (e.g. uranium). Recently the preparation of ceramics becomes more important [4]. Due to the large 

heat release and its self-sustaining nature, pyrotechnic mixtures have been used in warheads as incendiary 

devices [5]. As a big advantage most mixtures are very insensitive concerning shock and friction. 

Currently, numerous investigations on pyrotechnic reactions are done using different metals and oxidizers 

[6] studying burning rates [7], influence of particle size [8] and pressure [9][10]. However, the physico-

chemical mechanisms of pyrotechnic reactions are still far from being completely understood. Therefore, 

the modeling is also of particular interest [11] and there are some preliminary approaches for it [12], 

which describe particle ignition and propagation of reaction fronts in porous energetic materials [13]-[17]. 

Experimentally, different measurement methods are used for analyzing pyrotechnic mixture combustion. 

Here, the emission spectroscopy in the UV/VIS range will be discussed. In the visible (VIS) till infrared 

(IR) range a continuum can occur, emitted by hot particles or a hot surface of a condensed phase material. 

It can be assumed to emit gray body radiation where the function of a gray body can be fitted to the 

experimental spectrum to get the continuum temperature. By two photodiodes with different sensitivity 

ranges a very simple setup for continuum temperature can be built up, the 2-color pyrometer. Gray body 

temperature can be also measured in the near-infrared wavelength range (NIR). In the VIS range, discrete 

lines and band spectra are often emitted by electronically excited atoms and diatomic molecules in the 

vapor phase. They are formed in the reaction zone and allow a temperature determination of this zone. 

Comparison of the diatomic spectra with calculated ones gives the possibility to determine the temperature 

of the reaction zone without limitations. Calculation of intensity distribution of molecule bands is possible 

under the assumption that the atoms and molecules were in thermal equilibrium so that the energy levels 

were populated according to the Boltzmann statistic. The necessary transition probabilities for the 

occupied vibrational states can be found in literature or calculated from the diatomic constants also 

available in literature [18]. Previous work has shown that in many cases a good agreement between 

calculated and experimental spectra can be achieved [19]-[22]. The spectroscopic methods base on the 

modelling of these spectra and on the comparison of measured intensity distribution with calculated one. 

In this work the arising intermediate diatomic species, particle and reaction zone temperature of the 

Al/CuO thermite reaction was investigated in different experiments to get indications of the reaction 

mechanism. From the determined grey body temperature, which is the particle surface temperature, 

absolute intensities can be derived to obtain information about radiated energy and the emissivity. In the 

UV/VIS range the upcoming diatomic molecules were identified and their occurrence was analyzed. On 

the basis of modelling the diatomic molecule band systems, the gas phase temperature of the reaction was 

determined. 
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Modelling 

GREY BODY RADIATION 
For temperature measurement with 2-color-pyrometry and NIR-spectrometer, the emission of solid 

surfaces or particles, the grey body radiation, is used. The grey body describes the continuous emission or 

absorption from solid surfaces which is based on the radiance L describing black body radiation: 
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the temperature. A black body is an idealized physical body that absorbs all incident electromagnetic 

radiation, regardless of frequency or angle of incidence [23]. For real samples the law has to be modified 

by an emissivity  depending on wavelength  and temperature T: 

     L T T L TB    , , ,   

If grey body radiation is assumed the emissivity ε does not depend on wavelength and temperature. 

   L T L TB   , ,   

For example particles in flames can be described by a grey body radiator. The integration of LB results in 

the Stefan-Boltzmann law of radiation which relates the total radiance to the 4th power of temperature. 

4 = E T  

 depends on the concentration and size of the emitting particles, σ being the Stefan-Boltzmann constant.  

is very low for lean and small flames ( 0.0001) and close to 1 for large fires especially when containing 

many particles. 

2-COLOR-PYROMETRY - COMPARISON OF GREY BODY RADIATION IN VIS AND NIR 
The 2-color-pyrometry is a simple and very fast temperature measurement technique for gray body 

emission. It is assumed that  is independent of wavelength and temperature. Therefore, it is restricted for 

black body, respectively gray body, radiators. The 2-color-pyrometer is composed of an electronics who 

records the signals of two photodiodes. The sampling frequency is between a few Hz up to some MHz in 

dependency of the sampling rate of the measuring electronics. The two photodiodes are in one package, 

constructed as a sandwich diode of silicon over InGaAs diode. The silicon diode is sensitive in the UV/Vis 

range from 400 nm till 1000 nm and the sensitivity of the InGaAs diode ranges from 1025 nm till 

1700 nm. The construction as a sandwich diode guarantees that both diodes collect light from the same 

element of the measured radiation. The photodiode is adapted to the combustion process by an optical 

fiber. The temperature of a gray body radiation can be determined by the ratio of the irradiation in the 

UV/Vis and NIR/IR range. Due to the Wien´s law the maximum of a black body radiator shifts to smaller 

wavelength when increasing temperature and the ratio of UV/Vis to NIR/IR radiation increases. By 

analyzing the ratio of the photodiode signals, the temperature can be determined, if a calibration of the 

ratio was done before with a calibration standard like a technical black body or a tungsten strip lamp. 

Examples for measurements on pyrotechnic mixtures are found in literature [24]. Be careful if H2O arise 

in the spectrum, the intensity in NIR/IR range (signal of the InGaAs diode) increases without change of 

gray body radiation and misleadingly the temperature signal changes. 
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NIR-SPECTROSCOPY – GREY BODY RADIATION IN THE NIR WAVELENGTH BAND 
For spectroscopic temperature measurement in the UV/Vis/NIR wavelength band the spectrometer split 

the wavelength range not just in two ranges like the 2-color-pyrometer but in many channels. Therefore 

different types of spectrometers are available, like filter-wheel spectrometer for the wavelength range of 

1.4 µm till 14 µm or grating spectrometer with a fixed grating, 256 channels, a wavelength range from 

0.3 µm till 2.2 µm and a fiber optic entrance. 

Hence the spectrometer uses many supporting points in the NIR wavelength range. After calibration with 

a black body radiator, the function of the gray body can be fitted by a least-squares fit to such an 

experimental spectrum [25][26]. The result is a gray body temperature with a temperature-independent 

emissivity. 2-color-pyrometer and spectrometer measurement techniques for gray body radiation measure 

the temperature of solid surfaces or in the gas phase of particles. Further applications are given in Ref. 

[27][28]. 

UV-VIS SPECTROSCOPY AT DIATOMIC MOLECULES – DIATOMIC BAND SPECTRA 
In the UV/Vis wavelength range electronically excited atoms and diatomic molecules emit their species-

specific radiation. The arising molecules can be identified by tabulated data from literature [46] and the 

temperature of the gas phase can be determined by band modelling of the diatomic molecule spectra, i.e. 

the calculation of the intensity distribution [29]. The calculated diatomic spectra are fitted to the 

experimental data by a least squares fit with the temperature being the only fit parameter. Calculation of 

spectra is based on quantum mechanical principles and uses the Born-Oppenheimer approximation for the 

energy, or wavelength, the Einstein coefficients for spontaneous emission for transition probabilities 

(dipole moments) and the intensities and a line profile. Needed molecular constants are available in 

literature for a number of molecules [18]. In the case of pyrotechnic mixtures diatomic molecules mostly 

intermediate products and oxides of metals are visible in the UV/Vis-spectrum, like AlO, AlH, Cu2, CuO, 

MgO, MgH, TiO [21]. Here, the B
2
-X

2
-transition of the AlO molecule is discussed in detail. In the case 

of pyrotechnic mixtures containing aluminum it is nearly always visible. 

The total energy of a molecule state is given by the Born-Oppenheimer approximation: 

rotvibeltot EEEE   

It is the sum of electronic energy elE , vibrational energy vibE  and rotational energy rotE . The electronic 

energy is the sum of kinetic and potential energy of the electrons in the coulomb potential of the nuclei 

and so it is constant for a given electronic transition. For the vibrational energy first a harmonic oscillator 

is assumed. But the potential of a molecule state is not harmonic due to different perturbations and so 

different experimental inharmonic terms are added to the harmonic oscillator eigenvalues. The 

eigenvalues are: 
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with: 
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  0cex   and 

v  = vibrational quantum number; k = spring constant and µ = reduced mass. This equation is valid for all 

diatomic molecules. 

For the calculation of the rotational energy different couplings of the angular momenta of the electrons 

(orbital angular momentum, spin), the nuclei (nuclear momentum) and the molecule must be taken into 
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account. The different coupling cases, called Hund’s cases and the resulting eigenvalues for the rotational 

energy are discussed in detail in Ref. [29]. The rotational energy depends on the involved states of the 

electronic transition. During the rotation of the molecule also a centrifugal force occurs, which will be 

considered too.  

For example, at the B
2
-X

2
-transition of the AlO molecule for both states coupling case b is valid and 

the expression for the rotational energy is given by: 
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J is the rotational quantum number. The appearance of spin doubling is included by  and the centrifugal 

stretching of the rotation by vD . The rotational constants are taken from Ref. [30][31][32]. The rotation-

vibration interaction in all molecules is taken into account using an average value for the rotational 

constants vB  and vD . This is possible under the assumption that the vibrations are much faster than the 

rotations. This approximation provides with the following constants [33]:  
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The intensities and transition probabilities are calculated with the Einstein-coefficients for spontaneous 

emission. The intensity of an emitting line is given by:  
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With nN number of molecules in the excited state 
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  and nmA  Einstein-Coefficient 

for spontaneous emission 
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 with nmR  matrix element of the transition. nmhc  is 

the energy of the emitted photon. 

The matrix element nmR  for the electronic transition in Born-Oppenheimer approximation is given by: 
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The first term provides in r-centroid approximation with the transition probability for the electronic and 

the vibrational transition [33].  
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The values are taken from References [34]. The square of the second term yields to the Hönl-London 

factors which are given in [35][36][37]. 

The line profile is a convolution of the Lorentz line profile ( line width) due to the natural line width with 

additional dispersion mechanisms and the Gaussian profile ( line width) of the spectrometer entrance slit. 
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Due to the fact that the Gaussian profile dominates the line profile ( 1 ) a Gaussian profile was 

chosen for modelling the diatomic molecule spectra.  

In the case of the copper diatomic molecules CuO (A
2
-X

2
Π transition) and Cu2 (A

1
-X

1
 transition), the 

rotational energy levels and rotational constants are known and discussed in Ref. [38][39][40]. 

Unfortunately, the transition probabilities of the involved vibrational states were not calculated yet. To 

determine them, the transition probabilities of the vibrational bands (Franck-Condon factors) can be 

calculated from the potential energy curves. In turn 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 [41]. The 

method was discussed in detail in Ref. [42]. Here, the resultant potential curves for A
2
-X

2
Π transition of 

CuO and A
1
-X

1
 transition of Cu2 are depicted in Figure 1 from Ref. [43].  
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Figure 1: Calculated potential energy curves of the Cu2 and CuO molecule. 

The potential energy curves and the equilibrium distances of the Cu2 molecule are in good agreement with 

Ref. [38]. For the CuO molecule they differ by a factor of two in comparison to [44]. 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 [45]. For 

example, the transition probabilities of the A
1
-X

1
 transition of Cu2 are listed in Table 1. The vibrational 

transition probabilities for CuO are listed in Ref. [43].  

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 A
1-X

1 transition of Cu2. 

With the rotational constants from [38], the calculated Franck-Condon factors and a line profile the 

emission spectra for different temperatures can be calculated [43] shown in Figure 2 for Cu2 and CuO. 
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Figure 2: Calculated emission spectra of Cu2 A
1
Σ-X

1
Σ and CuO A

2-X
2
Π3/2 for different temperatures. 

Examples of the calculated spectra of AlO with marked rotational branches are shown in Figure 3 for a 

temperature of 3000 K. 
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Figure 3: Calculated emission spectrum of AlO B
2
Σ-X

2
Σ system. 

LINE INTENSITIES 
For information about the transient occurrence of intermediate and reaction products the intensities of the 

atomic lines and integral intensity of diatomic molecule band systems can be analyzed. Therefore, 

overview spectra of the UV/Vis range with measured spectra in the gas-phase of the reaction were used. 

First, the emitting lines and band-systems of the diatomic molecules in the spectra were identified using 

[46]. Of main interest were the intensities of the atomic lines of the involved elements (Al, Cu at Al/CuO-

thermite) and of the resulting diatomic molecules (AlO, CuO, Cu2 at Al/CuO-thermite). First the 

background radiation caused by the radiation of the glowing melts or hot particles must be subtracted. The 

background corrections were done by zoom in the spectra at the interesting wavelength and approximate a 

linear background. After that procedure the integral intensity was calculated. The integral intensities were 

normalized for better comparison of each other. 
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CIE COLOR VALUES 
The CIE color values create a relation between human color perception and physical cause of color 

stimulation. The method was developed from the international commission on illumination (CIE – 

Commission internationale de l`éclairage) in 1931 with the outcome of the CIE color space chromaticity 

diagram [47]. A new definition was done in 1964, but still the definition from 1931 is more common. By 

physical color re-creation they developed weight functions for the fundamental colors red, green and blue. 

The aim was mathematical-captured human color perception. Therefore, the measurement values were 

related to a standard observer to represent an average human chromatic response within a 2° arc (1931) or 

10° arc (1964) inside the fovea. The weight functions were defined for a wavelength range from 380 nm 

till 780 nm, in 1, 5, 10 and 20 nm steps. Today wavelength step width of 0.1 nm is achieved by 

interpolation. The CIE color value, also known as XYZ color values, can be calculated from emission 

spectrum by multiplication of the weight functions for red �̅�(𝜆), green �̅�(𝜆) and blue 𝑧̅(𝜆) with the 

spectral power distribution 𝑃(𝜆). The spectral power distribution equates the calibrated emission 

spectrum, where also a relative calibration is sufficient. After multiplication the functions are integrated or 

the sum is formed: 

𝑋 = 𝑘 ∫ �̅�(𝜆)𝑃(𝜆)𝑑𝜆
780

380
   or   𝑋 = 𝑘 ∑ �̅�(𝜆)𝑃(𝜆)Δ𝜆𝜆  

 

𝑌 = 𝑘 ∫ �̅�(𝜆)𝑃(𝜆)𝑑𝜆
780

380
   or    𝑌 = 𝑘 ∑ �̅�(𝜆)𝑃(𝜆)Δ𝜆𝜆  

 

𝑍 = 𝑘 ∫ 𝑧̅(𝜆)𝑃(𝜆)𝑑𝜆
780

380
   or   𝑍 = 𝑘 ∑ 𝑧̅(𝜆)𝑃(𝜆)Δ𝜆𝜆  

If the constant 𝑘 is chosen in the way, that the values X, Y, Z are in units of the luminance, X, Y and Z are 

called absolute CIE-values. In this case, 𝑘 = 683 𝑙𝑚 𝑊−1. Therefore, the spectral power distribution must 

be also in units of [𝑊 𝑚−2 𝑠𝑟−1 𝑛𝑚−1] and a relative calibration of the emission spectra is not sufficient.  

The XYZ values are represented in two dimensional diagrams, the CIE chromaticity diagram, where the Z 

component is calculated from the X and Y component by normalization 

𝑥 + 𝑦 + 𝑧 = 1 

The values x, y, z are the normalized values of the XYZ values. They are calculated by 

𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
 

𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
 

𝑧 =
𝑍

𝑋 + 𝑌 + 𝑍
 

Therefore, the normalization of the XYZ values (constant 𝑘) doesn’t matter. An example for the CIE 

chromaticity diagram is shown in Figure 4.  
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Figure 4: The CIE chromaticity diagram with the spectral colour line, the white point W, an example 

colour point P and its dominant wavelength P’. 

 

Experimental 
Some of the shown examples below were ignited in a fume hood but most of them were burned in a high 

pressure autoclave, called window bomb. The window bomb is a metallic cylinder with two opposite 

optical quartz windows (V = 1.2 L), in which a flow is generated. Pressures up to 15 MPa can be realized 

under different atmospheres, for example oxygen, nitrogen and synthetic air. The samples were burned as 

bulk material on a glass plate in synthetic air or nitrogen under a pressure of 0.1 MPa. Sample mass was 

mostly about 1 g. For detailed information of the experimental setup with the window bomb see Figure 5 

and Ref. [48]. Experiments in the fume hood are described in detail in Ref. [49]. 
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Figure 5: Experimental setup window bomb. 

  

Figure 6: Optical setup at the window bomb. 

The UV/Vis emission of the combustion process was imaged with an optical quartz lens system to the 

entrance slit of the spectrometer (20 µm). The aperture (diameter 1 mm) in the optical path reduces the 

field of view of the spectrometer to the emission of the vapor phase of the combustion zone. The optical 

setup at the window bomb is depicted in Figure 6. It consists of two identical optical paths which are both 

coupled to the spectrometer by the beam splitter. One path observes the experiment and the other one the 

calibration lamp. Therefore, it is not necessary to modify the experimental setup for calibration, only 

switch on the calibration lamp for calibration and switch it off for measuring (Figure 6). 

The used spectrometer is a UV/Vis grating imaging spectrometer in Czerny-Turner-arrangement with a 

focal length of 498 mm (Andor Shamrock A-SR500i B2). Six different gratings are available with 

different resolutions. Gratings with 1200 l/mm and different blaze angles were used to cover the 

wavelength range from 200 to 900 nm. The spectrometer is coupled to a Si-CCD-camera with 
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256 x 1024 pixels and a maximum speed of 1000 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 

with the setup described above.  

Furthermore a low-resolution fixed grating UV/Vis/NIR-spectrometer with a wavelength range from 300 

till 2140 nm, a maximum wavelength resolution of 18 nm and a maximum speed of 60 spectra/s was 

coupled to the bomb window by an optical fibre. 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 

1280 x 1024 pixels) for the observation of the combustion process. 

Results 

In this work an Al/CuO thermite with micron-sized particles and a mixture ratio of 30:70 wt.-% was 

investigated in the window bomb and in a fume hood. The emitted light of the combustion process was 

observed by the different emission spectrometer. An overview spectrum is shown in Figure 7 and highly 

resolved spectra of the visible range with the atomic lines and diatomic band systems of interest are shown 

in Figure 8. Between 460 – 550 nm the atomic lines of Copper, the AlO B
2
-X

2
, the Cu2 A

1
-X

1
 and 

B
1
-X

1
 system could be definitely identified by comparison with literature values and calculated spectra 

[43]. 
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Figure 7: Overview spectra of Al/CuO thermite 

combustion. 
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Figure 8: Highly resolved spectra of the Al/CuO 

combustion in the range 460-550 nm. 

CONTINUUM TEMPERATURES - ABSOLUTE CALIBRATED INTENSITY 
Combustion of pyrotechnic mixtures forms normally a hot melt and hot particles. They emit a grey body 

radiation which can be detected in the whole wavelength range from UV/Vis, NIR till IR. We observed 

the combustion process with an NIR spectrometer and determined the temperature with a fit of a grey 

body radiation function (see Figure 9). It ranges from 2000 K at the beginning till 1200 K at the end of the 

process after 0.08 s. The process itself takes only 0.08 s because of the small sample mass. In parallel the 

combustion process was observed with in the UV/Vis range by the emission grating spectrometer and the 

color high-speed camera. The intensity of each frame of the high-speed camera video was summarized in 

one line and the lines were put together to a new picture. The new picture shows the integral intensity in 

height (y-coordinate) over time (x-coordinate) (see Figure 11). By the optical setup described above, the 

spectrometer can be calibrated absolutely by the tungsten strip lamp. The result is a y-axis with units of 
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𝑊𝑚−2𝑛𝑚−1𝑠𝑟−1. Therefore, the absolute emissivity and the continuum temperature of the combustion 

process at the measurement point of the optical setup can be determined by fitting a grey body function to 

the experimental spectra. A result of the combustion of the Al/CuO thermite is shown in Figure 10 

(black = continuum temperature, red = emissivity). The determined emissivity is between 0.002 at the 

beginning and up to 0.57 at the two peaks after 0.0025 s and 0.005 s. The two peaks can additionally be 

correlated with the two bright strips in the analyzed high-speed video picture (Figure 11). 
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Figure 9: Determined continuum 

temperature in the NIR range. 
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Figure 10: Determined continuum temperature 

and emissivity in the UV/Vis range. 

 

Figure 11: 

Result of the 

high-speed 

video. 

With the continuum temperature and the emissivity, the radiated energy at the measurement point can be 

calculated with the Stefan-Boltzmann-Law. For calculation of the radiated energy of the whole 

combustion process the geometry of the flame and the temperature and emissivity at each point in the 

flame must be known. Determination of the temperature and emissivity profile over the whole flame is 

therefore a special challenge. 

GAS PHASE TEMPERATURE 
The gas phase temperature can be determined by modelling the spectra of the observable diatomic 

molecule bands and fit them to experimental one. In the case of Al/CuO thermite sometimes the Cu2 A
1
-

X
1
 system overlays with the AlO system or it is in absorption, so that temperature determination by 

fitting the calculated spectrum of Cu2 or AlO to the experimental one is impossible (Figure 12). The 

overlay factor (0.25) of the calculated spectra (blue line) was arbitrarily selected. The band head of the 

AlO B
2
-X

2
 system with v=0 vibrational band do not overlay and for this 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 [49]. The obtained temperature for the vapor 

phase on the basis of the AlO molecule was between 2500 K and 3250 K. 
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Figure 12: Illustration of the overlaying spectra of 

AlO and Cu2. 
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Figure 13: Fit of the calculated to an experimental 

spectrum of the CuO A
2-X

2
Π3/2 subsystem. 

In the wavelength range from 603 – 621 nm the CuO A
2
-X

2
Π system appears with no overlay. In a first 

step the A
2
-X

2
Π3/2 subsystem was calculated and fitted to the experimental spectra (Figure 13). The 

determined temperature for the vapor phase on the basis of the CuO molecule was between 2500 K and 

2750 K nearly constant over time and in good agreement with the temperature of the AlO molecule. 

LINE INTENSITIES 
The UV/Vis overview spectra of the Al/CuO mixture feature in a variety of emitting atomic lines and 

systems of diatomic molecules which are identified in Figure 14. Clearly visible are the Al-lines at 394.4 

and 396.2 nm further lines at 308.2 and 307.3 nm are weak. Significant copper lines were found at 570 

and 578.2 nm and at and 324.7 and 327.4 nm. Distinct band systems of the diatomic molecules are evident 

of AlO in the range 445 to 555 nm and CuO at 605 to 645 nm. In air the line respectively the band integral 

intensities were determined as shown in Figure 15. The profiles are normalized to 1 for maximum 

intensity. 
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Figure 14: Overview spectrum of the Al/CuO thermite with identified lines and band-systems. 

The reaction starts with a short highly intense emission of about 50 ms. Here all considered species feature 

their maximum intensity. First, CuO rise up directly followed by Cu. The increase of Al and AlO is little 

slower and these species reach their maximum intensity about 10 ms later. At this time Cu and especially 

CuO are already decreasing strongly. Then the signals of Al, Cu and AlO start to resonate with a large 

damping and decreasing frequency. After 0.4 s their intensities converge to nearly zero but are still 

apparent up to 0.7 s. The integral intensity of the CuO diatomic molecule also resonates with a large 
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damping but out–of-phase with the other three species. It has his maximum when all other species have a 

minimum and vice versa. 
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Figure 15: Integral intensities of the Al- and Cu-lines and the AlO- and CuO band-systems in nitrogen. 

CIE COLOR VALUES 
From the UV/Vis spectra of the Al/CuO thermite the CIE color values can be calculated for an objective 

quantification of the luminous color of the combustion process. In Figure 16 one spectrum and in Figure 

17 the corresponding color value are depicted. In the emission spectrum the atomic lines of aluminum, 

copper and sodium and the diatomic bands of AlO overlaid with Cu2 and CuO are visible which results in 

a CIE color value of x = 0.4, y = 0.47 and z = 0.14 with a dominant wavelength of 568 nm. All other 

spectra of a series show similar CIE values with a shift to the black body curve in the CIE chromaticity 

diagram (compare Figure 4 and Figure 17). 
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Figure 16: Example spectrum of the Al/CuO 

thermite for CIE color value determination. 

 

Figure 17: The determined color value of the 

UV/Vis spectrum (left) of the Al/CuO thermite. 

Conclusion 

Emission spectroscopy in the UV/Vis wavelength range provides a lot of information about the 

combustion of pyrotechnic mixtures and helps for a better understanding of the combustion process. In 

this work, the different methods of data analyzing are shown and examined using the example of an 

Al/CuO thermite mixture. From radiation of hot surfaces, melt and particles in the NIR range the 
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continuum temperature can be determined by fitting a grey body function. The grey body radiation is also 

visible in the UV/Vis range and again the continuum temperature is received from the spectrum. By an 

absolute calibration of the spectrometer sensitivity not only the continuum temperature but also the 

emissivity is calculated and therefore, the radiated energy at the measurement point can be calculated. For 

the example system of an Al/CuO thermite in the UV/Vis range continuum temperatures between 3000 K 

and 1000 K are obtained which are in good agreement with the NIR continuum temperature. The 

determined emissivity is between 0.002 at the beginning up to 0.57 at the two peaks after 0.0025 s and 

0.005 s. 

In the UV/Vis range, the temperature of the vapor phase can be determined from the band systems of 

arising diatomic molecules. During the combustion of Al/CuO thermite, AlO, Cu2 and CuO were observed 

and spectral intensities determined by calculation of the first excited transitions of the diatomic copper 

compounds Cu2 and CuO. Their 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 vapor phase of the burning Al/CuO thermite was determined 

between 2500 K and 3250 K. The adiabatic temperature of the substoichiometric thermite mixture of 30% 

Al and 70% CuO was calculated with the EKVI-Code to Tadiabatic = 2540 K [51]. The measured higher 

temperature may result from a gas-phase reaction of Al + O  AlO. Oxygen might derive from 

decomposing copper oxide. For this reaction the adiabatic temperature is much higher with 

Tadiabatic = 3700 K.  

The time-dependent wavelength-integrated line intensities gives a hint to the reaction behavior of the 

combustion. In the case of the Al/CuO thermite Cu-lines and CuO bands arises before the Al and AlO 

bands are visible. The integral intensity of the CuO diatomic molecule also resonates with a large damping 

but out-of-phase with the other three species. It has his maximum when all other species have a minimum 

and vice versa. Although the time resolution is not high enough, the series seems to give reason for the 

assumption of a thermite reaction, where first the oxide is decomposed before the oxidation of the fuel 

occurs. 

Pictures from the reaction of the Al/CuO thermite at different points in time are shown in Figure 18. Here, 

the development of the reaction process and the formation of the large volume of the vapor phase are 

visible. Near the boundary surface of the vapor phase a green region is observable which gives a hint for 

the formation of AlO and Cu2 in the vapor phase. The orange/red color may be emitted from the dispersed 

copper formed by the reaction from aluminum with the copper oxide or from the emission of the A
2
-X

2
Π 

system of CuO. Furthermore the calculated CIE color values fits very well to the color impression of the 

pictures. 

    

    

Figure 18: Time development of the Al/CuO thermite combustion. 
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ABSTRACT

Terrorist attacks and accidental explosions are occurring frequently in the world encompassing both
military and civilian assets and life. These events bring hazards to essential and supporting structures and
may lead to structural failure or loss of human life. These supporting structures are often made from
reinforced or modified concrete. The objective of this study is to measure and analyze blast wave front of
reinforced concrete structures from scaled tests. Reinforced concrete slabs with different values of static
compressive strength and steel reinforcement were subjected to explosives of varying scaled distances.
The slabs were subjected to non-confined C4 explosive and the displacement of the slab was measured
during the explosion. The collected data were analyzed comparing the displacement results with equations
in the literature. The analysis showed that the reinforcement ratio plays a bigger role in absorbing the
blast energy before the concrete cracked.

1 INTRODUCTION

In a conflict scenario, reinforced concrete structures can guard important equipment of friendly
forces or soldiers, or even protect civilians. Therefore, it is necessary to understand the behavior of these
structures when a blast wave is generated close to them. The general aspects of explosives and explosion
processes are essential to clarify the effects of explosives on buildings. Due to this fact, many structural
researchers have studied this theme (1-4). This study aims to shed light on blast resistant building design
theories, the enhancement of building security against the effects of explosives in both architectural and
structural design processes and the design techniques that should be carried out. In order to do so a better
understanding of explosives and characteristics of explosions is warranted, which will enable structural
engineers to make blast resistant building design much more efficiently.

2 EXPERIMENTAL

Reinforced concrete slabs with different values of static compressive strength, close to 40, 50 and
60 MPa, and different steel reinforcement ratio (0.175%, 0.25% and 0.37%.) were the targets subjected to
2.70 kg of C4 and scaled distances of 1.40 m/kg1/3, 1.16 m/kg1/3 and 0.93 m/kg1/3. Each slab had a cross-
sectional area of 1.0 m², a thickness of 0.08 m and was simply supported on two sides. The displacement
gage was fixed under the slab. The results of displacement were compared with equations in the literature.

3 RESULTS AND DISCUSSION

The front face of a building experiences peak overpressures due to reflection of an external blast
wave. Once the initial blast wave has passed the reflected surface of the building, the peak overpressure
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decays to zero. As the sides and the top faces of the building are exposed to overpressures (which have no
reflections and are lower than the reflected overpressures on the front face), a relieving effect of blast
overpressure is experienced on the front face. The rear of the structure experiences no pressure until the
blast wave has traveled the length of the structure and a compression wave has begun to move towards the
centre of the rear face. Therefore, the pressure built up is not instantaneous. On the other hand, there will
be a time lag in the development of pressures and loads on the front and back faces. This time lag causes
translational forces to act on the building in the direction of the blast wave (5).

The reinforcement was responsible for ensuring the slab has enough capacity to withstand the
impact of the shockwave based on the comparison of the different behaviors of the slabs with varying
steel reinforcement ratios. The highest displacement was 41 mm in the center of the slab with fck =
62MPa, reinforcement ratio of 0.25% and Z = 1.42 m/kg1/3. In the research of Sun (6) the displacement on
a reinforced concrete slab with fck=48MPa, reinforcement ratio of 0.60% and Z=0.47 m/kg1/3 was 50 mm.
Hosseinipoor et al. (7) tested a reinforced concrete slab with fck = 52 MPa, reinforcement ratio of 1.43%
and Z = 0.59 m/kg1/3 and measured a displacement of 40 mm. These results show that the reinforcement
ratio plays a significant role to ensure that the structure capacity to support blast effect is adequate.

4 SUMMARY AND CONCLUSIONS

It was observed that the steel reinforcement ratio plays a significant role in increasing the
capacity of the structure to absorb the explosion energy. Furthermore, the variation in concrete static
compressive strength has little significance on the slab’s resistance against blast.
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Comprehensive Chemical and Material Analysis of TKP and THxKP
Pyrotechnic Powders to improve Pyrotechnic Degradation

and Performance Models

C. Beppler,† J. Dellinger,† M. Cooper,† W. Erikson‡

†Sandia National Laboratories, Explosive Technologies Group, Albuquerque, NM
‡Sandia National Laboratories, Fluid and Reactive Processes Group, Albuquerque, NM

Pyrotechnic performance modeling and simulation efforts are underway at Sandia National Laboratories
(NM). Pyrotechnic performance is largely influenced by the propensity of a material to develop a critical
ignition kernel suitable for transition to sustained combustion. Parallel efforts studying ignition thresholds
of titanium potassium perchlorate (TKP) and titanium sub-hydride potassium perchlorate (THxKP)
powder compacts have yielded results as a function of heating rate and scale. Experiments and a global
diffusion-limited kinetics model spanning several orders of magnitude (10-2 – 101 grams) linearly heated
at rates between 1 – 10⁰C/min have been completed using a full- and quarter-scale ignition apparatus.1,2

The performance modeling work was supported by DSC tests at small scale (small pressed pellets of ~10-

3 grams) linearly heated at rates between 1 – 150⁰C/min. The powder compacts for all three test
apparatuses were at initial nominal densities of 82% TMD and any decomposition gases were allowed to
vent during heating. Two different types of TKP were tested which differed in terms of the titanium
particle characteristics, most notably the surface roughness. Related work involves better understanding
how TKP and THxKP age and degrade over time. To support all of these efforts, a mature chemical and
materials analysis framework has been implemented to provide chemical and morphological information
and aging trends for these powders.

Currently, pyrotechnic powders are mainly analyzed for their thermal, safety, and performance
properties.3,4 However, the chemical and morphological properties of these powders is also important
because they may correlate with powder performance behavior, especially as a function of feedstock
material quality and powder age. It is also necessary to assure that all aspects of the explosive train inside
pyrotechnic components remain functional. This includes the interfaces of the bridgewire to the powder
and the interfaces over which the deflagration must transition. In the event that changes are observed, it is
the objective of the mature chemical and materials analysis framework to assess how those changes affect
the performance of the pyrotechnic component, if at all.

Recent and current work characterizing TKP and THxKP will be presented. Specifically, recent data will
be presented on characterizing pyrotechnic powders by optical microscopy, scanning electron microscopy
(SEM), ion chromatography (IC), and micro-computed tomography (microCT). The results of this work
provide a broad and in-depth picture of a powder’s chemical and material properties which can then be
used to establish trends with regard to age and performance and to support modeling of pyrotechnic
performance.
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ABSTRACT

It is postulated that shear near confining walls is a candidate mechanism for hot spot generation in
explosives. However, modelling such an ignition mechanism numerically with hydrocodes proves to offer
some considerable challenges. To supplement the numerical approach, we develop an analytical model of
the shearing, melting and subsequent ignition of an explosive material. The primary goal of such an
approach is to gain a deeper insight into the physical and chemical processes at play. We consider the
melting of a thin viscous layer of explosive material due to an applied shear in a idealised planar geometry.
A lubrication approximation is made, exploiting the thinness of the melted layer. The mechanics of the
problem are solved, enabling the calculation of mechanical dissipation in the melt layer. A single-step
Arrhenius reaction is used to model the heating of the explosive due to chemical reactions occurring within
the material. The model is used to calculate the temperature increase and temperature localisation in a
sample of HMX, allowing potential hot spot locations to be identified.

Introduction

Understanding the mechanisms which have the capability to induce localised temperature increase
will aid in the design of safe storage and handling procedures for explosive materials. Mechanical insults
resulting from low speed impacts, which shear an explosive, have been identified as a possible ignition
source. Investigation of these effects through the use of numerical continuum mechanics methods, such as
finite element models, often breaks down owing to problems such as severe mesh deformation (Curtis,
2013). Typically, a very high resolution is required to overcome these issues, but this comes at the cost of
computational resources and time. Additionally, large scale numerical codes do not always offer as much
physical insight as small scale, simplified, analytical models. Such simplified models are to be employed
here to try and gain a deeper understanding of the mechanisms which lead to thermal runaway.

Mechanisms arising from shear are widely discussed in the literature. For instance, Bowden et al.
(1947), Ubbelohde (1948), Bowden and Gurton (1949), and Bowden and Yoffe (1952) all discuss frictional
rubbing as a well established ignition mechanism. During rubbing contact between two solids, the hot spot
temperature is determined by the solid with the lower melting point - the lower melting point solid
‘quenches’ the hot spot temperature to the melting temperature. Bowden and Gurton (1949) were able to
measure hot spot ignition temperatures for a wide range of explosives by choosing grits of different melting
points and measuring the effect on the sensitivities of the explosives.

Shear localisation has been widely studied in inert materials, see, for example, Bai and Dodd
(1992), Dilellio and Olmstead (1997). There have been very few analytical studies on localised shear in
explosive materials. However, many experimental studies can be found in the literature. Evidence for
localised shear within the explosive sample can be observed in recovered unexploded samples.
Photographic evidence for adiabatic shear is given by Field et al. (1982), showing ignition and propagation
occurring in a shear band in a sample of PETN. Notable work on shear localisation in explosive materials
includes: Boyle et al. (1989); Chen et al. (1997); Dienes (1986); Frey (1980); and the substantial work by
Afanas’ev and Bobolev (1971). Also worthy of mention are the experimental works by Howe et al. (1986)
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and Mohan et al. (1989). It is in general concluded that localised shear is a prevalent hot spot mechanism,
which manifests in many differing loading scenarios.

Starobin and Dienes (2006) present a one-dimensional model for the lateral melting and ignition of
a thin sheared viscous layer. In their work a self similar solution for parabolic melt front propagation in
non-reactive materials is found, as well numerical results for non-steady sliding of the crack surface and a
non-linear Arrhenius source term. The results presented demonstrate that shear melting in the one-
dimensional geometry leads to an increase in the peak hot spot temperature relative to the melting point of
HMX.

A natural question arises: will the inhomogeneous structure found in explosive materials cause
further localisation? It is to be expected that spatial variations in the explosive material will introduce two-
dimensional effects into the propagation of the melt front. In the current work, the one-dimensional model
is extended into two spatial dimensions so that the effects of material inhomogeneity can be investigated.
In particular, we will assume that a uniform melt layer has already been formed but at some time is
perturbed, giving an instantaneous two-dimensional disturbance in the melt front. This will be allowed to
evolve in time and its effect on the local temperature field will be studied.

We consider a semi-infinite solid block of explosive material occupying the region > 0, with a
rigid wall located at = 0, where is the horizontal coordinate in the usual Cartesian coordinate system.
At time = 0 the wall moves impulsively downwards with speed . The movement provides a shear force
on the explosive sample, generating sufficient heat to melt the material near the wall, such that at =
there already exists a thin viscous liquid melt layer adjacent to the wall. The thinness of the melt layer is
exploited, and a lubrication analysis is made. Within the lubrication approximation, small deviations from
the one-dimensional solution are considered and an asymptotic solution can be found in the case of non-
reactive materials. The inclusion of the Arrhenius source term requires solution via a numerical scheme and
allows the potential for mechanical hot spots to lead to ignition to be ascertained.

Mathematical Model

Let , be the velocity components in the , directions, be the pressure and be the
temperature. Note, all variables have been non-dimensionalised using typical velocity scale ∗	 = , time
scale ∗, density , viscosity and temperature difference ∆ . Currently the time scale ∗ is chosen to give
a correct order of magnitude for the time to thermal runaway when compared with results from experiments.
However, further work could be undertaken to calibrate the time scale, thus giving more accurate
predictions for the time to runaway.

The melt layer is assumed thin, and in the liquid region we adopt the scalings= 	 ,					 = ,					 = , [1]
where = Pe ⁄ . Here Pe = ( ∗)/ is the Péclet number, which is the ratio of advective transport
to diffusive transport, is the specific heat of the explosive material and is the thermal conductivity.
Under this approximation the governing equations of motion are the lubrication equations+ 	 = 0,												 [2]= 0, [3]− + 	 = 0.																		 [4]

The equations [2] – [4] are to be solved subject to no-slip boundary conditions on the wall = 0 and melt
front = , that is = 0,					 = − 1,					on	 = 0,		 [5]= 0,					 = 0,									on	 = . [6]
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We expect that far from the site of the the two dimensional disturbance that the solution will resemble the
one dimensional solution, and that the pressure will be constant. It is sufficient to impose the following
condition on the pressure 	→ 0					as	 → ±∞. [7]

The explosive sample is initially heated by viscous dissipation = / in the melt layer. Once the
temperature rise is sufficient, the melt layer is heated further by a consequent chemical reaction. As in
Curtis (2013), this is modelled using a single step Arrhenius reaction= 	 1 − exp − ∆ , [8]

where = ∗ is the non-dimensional pre-exponential factor, is the activation energy, is the molar gas
constant and the mass fraction, ranging from 0 (unreacted) to 1 (fully reacted).

The conservation of energy equation thus readsDD = 		 + 	Ec	Pr	 + 	 Ω , [9]

where Ec = /( ) is the Eckert number, Pr = ( )⁄ 	is the Prandtl number and is the specific
heat of the reaction.

The location of the melt front is determined by the Stefan condition, which equates the
temperature flux discontinuity with the magnitude of the latent heat sink at the phase boundary= 	− Ste , [10]

where Ste = ( )/ is the Stefan number, which is the ratio of sensible heat to latent heat, . The
initial melt front is described in terms of a shape function ( ), that is , = 	 ∙ , and is
allowed to evolve in time, see Figure 1.

Figure 1: Shear melt layer model.
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Equation [4] may be integrated directly to obtain the vertical velocity component . Application of
the no-slip boundary conditions [5] and [6] provides, , = 	 12 − − 1 − . [11]

The pressure gradient may be calculated in terms of the melt front shape by integration of the mass
continuity equation [2] across the melt layer= − 6 	 	d . [12]

The horizontal velocity component may be calculated from the continuity equation [2] as, , = 2 1 − , [13]

where the pressure gradient terms have been eliminated through use of equation [12].
The temperature , , may be determined numerically by solution of the energy equation [9].

Note that all mechanical aspects may now be calculated analytically from the velocity components [11]
and [13]. For small times it can be shown that equation [9] reduces to a simplified, one-dimensional form,
and a self-similar solution is available. This solution provides an initial condition for the numerical
computations.

Results

Results are given for a sample of HMX subject to a uniform wall speed . See Table 1 for
material properties of HMX.  It is assumed that at time = a melt layer has already been formed, and
two-dimensional effects are introduced via the imposed shape function . Such effects may manifest
physically as a result of the inhomogeneous nature of the explosive material. For example, material
properties may locally differ in space, causing some areas to melt more rapidly than others, thus resulting
in a non-uniform melt width. The aim of this work is not to describe how such two-dimensionality may
arise, but to study the effects spatial variations in the melt front may have on the temperature field and
time to runaway.

Table 1: Material properties for HMX, taken from Starobin and Dienes (2006) and Curtis (2013).

Explosive Property HMX
Activation Energy 	 2.2	 × 10 J	mol
Heat of Reaction 5.02	 × 10 J	Kg
Molar Gas Constant 8.314	J	kg K
Pre-Exponential Constant 5.011872336	× 10 s
Density 1860	kg	m
Viscosity 4.6	 × 10 kg	m s
Latent Heat 2.08	 × 10 J	kg
Melting Temperature 520.6	K
Specific Heat 989.25	J	kg K
Thermal Conductivity 0.404	W	m K
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A number of melt front shapes were studied. Here we draw comparison between two shapes,
parametrised by : , = 1 + /2 and , = 1 + sin . For shape negative
values of correspond to a perturbation towards the wall, whilst positive values of correspond to
perturbations away from the wall. Shape has perturbations towards and away from the wall, and captures
both heating mechanisms present in shape for positive and negative . These shapes were selected to
allow investigation of disturbances away from and towards the wall both in isolation and in conjunction
with one another.

Somewhat counterintuitively, we find that widening the initial melt layer, as in with > 0,
appears to be the most violent initial condition in the sense of decreasing time to runaway.  It is found that
the heating due to mechanical dissipation is greatest adjacent to the wall and opposite from the imposed
disturbance in the melt front, see Figure 2(a). The temperature rise here is sufficient to kickstart a local
reaction, causing the temperature to rise rapidly. This has the resultant effect of causing the disturbance to
grow in magnitude, causing further temperature localisation. Thus the overall time to runaway is reduced
when compared with the one-dimensional case. The high contribution of heating due to reaction is clearly
depicted in Figure 2.

The evolution of the melt front, along with the temperature profiles across the width of the melt
layer, is shown in Figure 3(a). Although not clear here, the perturbation to the melt front initially decays,
but then grows again once the reaction kicks in. That is, we may say the chemical reaction serves to
destabilise perturbations from a uniform melt layer. This can be seen more clearly in Figure 3(b) which
depicts the perturbation from the uniform melt layer at a series of increasing times. We see that towards the
end of the computation the disturbance begins to grow again, albeit only by a small amount by the time the
ignition threshold was reached. Looking at the temperature across the melt width, we observe a temperature
rise of over 200K near the reaction site. However, away from the reaction site we see that the temperature
profile across the melt width has remained almost unchanged throughout the duration of the computation.

In shapes which cause a narrowing of the melt layer (i.e. with < 0	)	we find the dissipation to
be greatest at the melt front, see Figure 4(a). The additional temperature increase near the unmelted
explosive material causes the melt front to propagate more quickly, so does not have the effect of decreasing
the time to runaway. We find that the hot spot generated by the narrowing of the melt layer is quenched to
the melt temperature by the solid explosive and that the melt front flattens. We conclude that a hot spot
located on the melt front has little or no effect on the time to runaway.  Indeed, we observe that the chemical
reaction finally takes off on the wall, but away from the site of the localised disturbance, see Figure 4(b).
This is further illustrated in Figure 5, where we observe that the temperature increase is less near the
disturbance, see Figure 5(c), than it is away from the disturbance, see Figure 5(d). In this case the reaction
takes longer to kick off, and we observe a noticeable temperature increase throughout the melt layer over
the duration of the computation. We again observe that the disturbance initially decays and then grows
subsequent to the initiation of chemical reaction, see Figure 5(b). In this case, since the reaction occurs on
the wall away from the perturbation, the bulk of the melt layer propagates ahead of the narrow area, resulting
in the apparent growth of the perturbation in the later stages of melting.

When both widening and narrowing effects are present, as in , both mechanical heating
mechanisms are present, see Figure 6(a). We observe an increase in dissipation on the wall opposite the
widening part of the disturbance, and an increase in the dissipation on the melt front adjacent to the
narrowing part of the disturbance. Whilst the heating due to dissipation is increased in two locations, only
one of these mechanical hot spots is sufficient to trigger a chemical reaction. Figure 6(b), shows the heating
due to chemical reaction at 568	ns for a sample of HMX with initial melt front shape . It is clear to
observe that the heating on the wall has led to a significant reaction, whereas the heating on the melt front
has not. This is again evident in the temperature field, where we see a temperature increase of over 50K at
the reaction site compared with the maximum temperature in the far field, Figure 6(c). Recall that the
mechanical hot spot on the melt front is quenched to the melting temperature . For this particular
computation, runaway occurred at time	631	ns. At the time of reaction, the peak temperature is c. 300	K
higher than the maximum temperature in the far field.
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Figure 2: (a) Non-dimensional instantaneous energy increase due to mechanical dissipation; (b)
Non-dimensional instantaneous energy increase due to reaction; and (c) Dimensional temperature
(K) of a sample of HMX at 90% of the time to runaway since . An initial melt front shape( . , ) and wall speed = 	m	s were used. [Original in colour.]

Figure 3: (a) Melt front location at times 	 = 	 , , , , 	ns for a sample of HMX with
initial melt front shape ( . , ); and (b) the magnitude of the melt front perturbation at a series

of increasing times. Also shown are temperature profiles across the melt width at the times depicted
in (a), plotted at vertical coordinates: (c) = where is the vertical coordinate of the peak

reaction site, and (d) = 	 − . The filled diamond symbol shows the location of the peak reaction
site at ignition. The dashed lines in (a) show the locations of the temperature profiles taken in (c)

and (d). A wall speed = 	m	s was used.
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Figure 4: (a) Non-dimensional instantaneous energy increase due to mechanical dissipation; (b)
Non-dimensional instantaneous energy increase due to reaction; and (c) Dimensional temperature

(K) of a sample of HMX at 90% of the time to runaway since . An initial melt front shape(− . , ) and wall speed = 	m	s were used. [Original in colour.]

Figure 5: (a) Melt front location at times 	 = 	 , , , , 	ns for a sample of HMX
with initial melt front shape (− . , ); and (b) the magnitude of the melt front perturbation at a
series of increasing times. Also shown are temperature profiles across the melt width at the times
depicted in (a), plotted at vertical coordinates: (c) = , and (d) = 	− . The dashed lines in (a)

show the locations of the temperature profiles taken in (c) and (d). A wall speed = 	m	s was
used.
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Figure 6: (a) Non-dimensional instantaneous energy increase due to mechanical dissipation; (b)
Non-dimensional instantaneous energy increase due to reaction; and (c) Dimensional temperature

(K) of a sample of HMX at 90% of the time to runaway since . An initial melt front shape( . , ) and wall speed = 	m	s were used. [Original in colour.]

Figure 7: (a) Melt front location at times 	 = 	 , , , , 	ns for a sample of HMX
with initial melt front shape ( . , ); and (b) the magnitude of the melt front perturbation at a
series of increasing times. Also shown are temperature profiles across the melt width at the times

depicted in (a), plotted at vertical coordinates: (c) = where is the vertical coordinate of the
peak reaction site, and (d) = 	 − . The filled diamond symbol shows the location of the peak

reaction site at ignition. The dashed lines in (a) show the locations of the temperature profiles taken
in (c) and (d). A wall speed = 	m	s was used.
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If we consider the evolution of the melt front for imposed shape , we observe that the narrowing
effect of the melt front perturbation has diminished, whereas the widening effect remains throughout the
computation, see Figure 7. Note that the initial perturbation had components of equal magnitude towards
and away from the wall. We may draw contrast between these differing effects. The hot spot caused by the
narrowing perturbation, which is located on the melt front, causes the melting of further solid material, thus
flattening the melt front profile. However, the hot spot caused by the perturbation away from the wall kick
starts a reaction, which exacerbates the perturbation, and the melt front is perturbed further from the wall.
We may conclude that perturbations away from the wall persist, whereas perturbations towards the wall
quickly decay. This is demonstrated numerically, where we always observe a reduced time to ignition when
a perturbation away from the wall is included.

The time to ignition as a function of for both shapes , and , is shown in Figure 8.
The quenching behaviour is clearly demonstrated – for perturbations which only serve to narrow the melt
width, we see that the ignition time is unchanged from that of a uniform melt layer. This is due to the fact
that hot spots generated on the melt front are not sufficient to kick start a chemical reaction. When hot spots
occur both on the wall and on the melt front, i.e. as in shape , we see that the ignition time decreases as| | increases. In this case changing changes the location of the hot spot, but there is always a hot spot
located on the moving wall which is sufficient to start a chemical reaction.

Figure 8: Time to ignition as a function of 	for initial melt front shapes and .
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Conclusions

The numerical results presented here indicate that variations from a uniform width melt layer can
indeed cause localised heating due to mechanical dissipation. This leads to so called hot spots in the
melted explosive material.  Interestingly, it appears that whilst different geometries all give rise to
temperature localisation, they can have substantially different effects on the time to runaway, dependent
on the hot spot location. It is clear from the results that the geometry of the melt layer is crucial in
determining the outcome of temperature localisation and, ultimately, time to runaway. Whilst the results
highlight the mechanisms available for hot spot generation, the predicted times to runaway are advisory.
Further work is needed to validate the numerical results and calibrate model parameters in order to fit
some experimental test cases.

In order to investigate any two-dimensional effects, highly idealised melt front shapes were
selected. A more realistic scenario may, for example, involve choosing a shape which coincides with the
grain size of the explosive material in question or with typical dimensions of grit found within the
explosive. Although the grain size may be significantly larger than some of the melt thicknesses studied
so far, such an approach may be more appropriate for slower wall speeds where the melt layer thickness is
allowed to increase further before ignition. Polymer bonded explosives are highly granular materials, and
the constituent materials in the explosive will in general have different thermomechanical properties.
Such spatial differences in material properties will inevitably create a non-uniform melt layer.
Alternatively, it may be of interest to consider a scenario where the melt front encounters a small air gap
in the explosive material.

For this study many material properties, such as specific heat and viscosity, were assumed
constant with respect to pressure and temperature. Whilst this may be a reasonable simplification it is
worth noting that the predicted ignition times would need to be reconsidered in order to account for the
effects which are not included, such as thermal softening. Future work may include a more detailed study
of the effects of varying material properties, allowing for dependence on temperature, stress etc.
Additionally, it is worth noting that the wall has been treated as perfectly insulated, whereas in reality
there may be some heat loss to the confining wall.

An alternative interpretation of the current work would be to consider a scenario in which an
internal crack develops, and two material planes slide against one another. In this case the rigid wall may
be replaced with a symmetry condition at = 0, as in Starobin and Dienes (2006). In any case, the
heating mechanisms discussed here would still be present.
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ABSTRACT

Composite rocket propellants and plastic bound explosives are both based on elastomeric binder
matrices that contain either oxidizer particles or high explosives. The components in a formulation differ
widely in terms of crystallinity, thermal expansion behaviour and thus mechanical properties. Therefore,
composites can exhibit a combination of brittle and ductile behaviour, stemming from filler and binder
polymer, respectively. The binder-filler interaction is the weakest in the system, and their interface is
prone to detach irreversibly, when stretched beyond a critical separation distance. In experiments, the
effect of adhesion can be monitored by dynamic mechanical analysis (shape of loss factors), surface
tension measurements and solution calorimetry. On a microscopic level, the cohesive zone model serves
as a separation law for mechanical failure. It mimics the irreversiblity of crack formation: While small
loading and unloading is reversible, higher strain beyond a threshold value changes the given distance-
force function for further loading cycles (local damage). Quantitative parameters for this model are hardly
measured, although they are of interest for finite element simulations, to explore the material on a larger
space and time scale. Here, we present the complete model of a pull-off experiment in the framework of a
molecular dynamics simulation. In a MD-simulation, single atoms are modelled by point masses that
interact via force-fields. It can reproduce thermodynamic and mechanical properties of multi-component
systems. In an earlier contribution, the thermodynamic work of adhesion (equal to a surface tension) has
been presented. Now, work and force of separation including local deformation of the surfaces is
presented. It includes irreversibility during pull-off: As external stimulus, the interface is stressed until
mechanical failure. This procedure yields higher order mechanical parameters beyond the linear elasticity
model, which are input parameters for finite elements simulations: energy/force of detachment, and
interaction length of entangled polymer at the interface.

Introduction

This contribution is an overview of our recently developed algorithms within the framework of
molecular dynamics simulation for the implementation of crystalline surfaces (chapter 2), the generation
of cross-linked polymer networks (3), their primitive path analysis (4), and explicit pull-off dynamics of
networks from crystal surfaces (5), alongside preliminary results. The motivation is to address effects
(non-linearity in forces, viscoelasticity) on larger time scales than those presently accessible by molecular
dynamics.

The motivation is to create a computational method to probe the viscoelastic regime of polymer
motion and deformation near surfaces. Especially for small particles, strengths of adhesion or the
functional form of detachment potentials cannot be probed directly by measurements. There exist several
mechanisms of mechanical resilience that overlap in time and length scale: The stiffness and dissociation
barrier of chemical bonds itself, entropic penalty of stretching a chain conformation (that also has the
functional form of spring force), and the physical entanglement of polymers. Commonly, these are
condensed in one simple law, the cohesive zone model [1, 2]. It is a simple bilinear relation of traction
versus displacement of cohesive plates. At small separations, the traction rises linearly, until a maximum
value, and then drops linearly to zero. The first slope mimics elastic stiffness, the second one gradual
failure until detachment. Their parameters are vital for finite element simulations.
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Recently, efforts have been made to extract these parameters from atomistic molecular dynamics
simulations of nanostructures in metallic matrices [3], or crack propagation in solids [4]. Our efforts aim
at modelling the cohesion of polymers and especially polymer networks on crystalline surfaces. Unlike
metals or ceramics, polymers feature viscoelastic behaviour, which is still a prevailing topic of polymer
simulation. While elasticity is probed straightforwardly in simulations by small and reversible
deformations, the viscous contribution of larger time scales and elongations has to be calculated by a
series of dynamics calculations. Thus, we developed a calculation scheme to extract the response to large
deformations. In the following, the principle molecular dynamics is explained shortly.

The method is based on the approximation of atoms as point masses and point charges in space. They
interact via distance dependent force functions, as the Coulomb law and dispersive terms, e.g. a Lennard-
Jones function for van-der-Waals forces. Chemical bonds in turn are modelled by higher order spring
forces. Each functional group is parameterized to model the potential energy landscape provided by
quantum mechanical calculations and experiments. The parameter set (also called force field) employed
here is from COMPASSTM II, [5], provided in the program package used, Materials Studio™ by BIOVIA.

Molecules can be sketched as in a graphic chemical structure editor, and assigned their force field
type. Also a certain volume, a simulation “box” can be created, which is a representative volume of space
(in the order of nanometres), to simulated bulk media, such as crystals or liquids, densely filled with
molecules.

Iterative solution of classical equations of motion with interatomic forces yields correct time
evolution of structure and energy within a simulated volume element: Thus, molecules diffuse, rotate,
align to surfaces, oscillate within crystals, etc. A typical simulation box used here contains about 10 000
atoms. Commonly, periodic boundaries rules apply: Each molecule that leaves the box in one direction re-
enters the box on the opposite side. This mimics an infinitely extended bulk of matter.

Temperature and pressure are adjusted by additional algorithms that change the kinetic energy (“heat
bath” provided by Andersen thermostat) of particles and alter the cell volume (“pistons” pressing on the
system, e.g. Berendsen barostat). The systems then propagate in the NPT-ensemble (corresponds to
normal real experimental situations where particle number N, pressure p and temperature T are under
control of the experimentalist) and the obtained simulated values can be compared to experimental results
straightforwardly. Of importance, the barostat used here (Rahman-Parrinello barostat) allows for
independent change of edge lengths and angles of the simulation box. Thus, anisotropic structures can
relax to equilibrium. Properly employed, it allows for the determination of interaction energies, heat
capacity, mechanical properties, etc. from statistical thermodynamic relations, as long as quantum
mechanical effects do not contribute to a macroscopic property.

In a former contribution [6], crystal surfaces have been loaded with HTPB (hydroxyl-terminated
polybutadiene), azido-terminated glycidyl polymer, or diehtylhexyl apdipate to calculate the surface
tension of the phase boundary. Now, the simulations are extended to direct dynamic separation of phases.

Building surfaces

First, crystal structures are generated from X-ray diffraction data. Clearly, structure data at the correct
temperature and pressure – i.e. the same values that are used for the simulation – have to be chosen, means
the crystal modification has to be correct. By an initial molecular dynamics run of a representative super
cell, the applicability of the force field is tested. Using an appropriate force field, the cell parameters
remain within given boundaries, in addition to the properties that are specific for the system: For
ammonium perchlorate (AP), ammonium groups have to rotate freely within a framework of perchlorate
ions [7]. By iterative fitting of partial charges, following Ref. [8], both requirements are fulfilled.

In a next step, sets of representative crystal surfaces are identified that comprise the majority of
particle surfaces. The algorithm employed calculates the attachment energy of a new crystal layer
deposited from vacuum to the bulk. Possible surface configurations are screened, starting from the initial
assumption that surfaces with low Miller indices are most likely to grow, according to the Donnay-Harker
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rule [9]. The growth rate of each crystal face is assumed to be proportional to its attachment energy; that
is, faces with the lowest attachment energies are the slowest growing and, therefore, have the most
morphological importance and so dominate the habit facet. Note that this method does not include effects
of solvent type, temperature/pressure, saturation or stirring, and rearrangement during growth. However,
comparison to experimental data of crystallites grown form good solvent or vacuum deposition shows
good agreement. This hold true for ammonium perchlorate, aluminium and nitramines tested so far. In
Figure 1, the crystal habit of ammonium perchlorate is shown, with three of its five different surface types
as molecular structures.

Figure 1: Calculated crystal habit of ammonium perchlorate relative to the unit cell, alongside
selected surfaces with their molecular structure. Number triplets in brackets are Miller indices. They

denote the orientation vector of the respective surface.

If possible, the surface vectors are recalculated to be perpendicular in order to get a rectangular
surface unit cell. Adding AP bulk groups and a vacuum layer yields an orthorhombic simulation box.
Then, the cell can be loaded with adsorbate molecules in a constraint volume above the crystal, see Figure
2. The adsorbate molecules themselves are picked from a pool of randomly created configurations and
enantiomers.

In a former contribution [6], these free volumes have been loaded with HTPB (hydroxyl-terminated
polybutadiene, azido-terminated glycidyl polymer, or diehtylhexyl apdipate. Further on, energies of
detachment in the framework of surface tensions have been calculated.

Figure 2: Steps of generating a simulation box for interphases. From a surface unit cell to a supercell, a
crystal bulk, transferred to a box, with free volume.
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Generation of networks

The direct generation of highly cross-linked polymer structures is an important step for the simulation
of representative structures. Although a number of algorithms exist [10], they influence the polymeric
material properties to some extent, according to the building scheme [11]. A typical way is to generate a
volume of a polymer melt first, and cross-link them in a next step. The generation of melts has been
researched and scrutinized over the past 40 years. Now, properties of melts can be simulated successfully,
in accordance with experimental results. These now common procedures yield linear or branched
topologies (star, comb, dendritic), but fail to create representative cross-linked structures that interconnect
to itself, beyond the periodic boundaries of a simulation cell. So, recently, generated melts are subjected to
different reactive crosslinking algorithms that should resemble the progress of a curing reaction [12].

Direct reactive dynamics is computationally too expensive. Reactions occur on time scales that
exceed those accessible to molecular dynamics simulations by far. Real curing can take hours or days,
while molecular dynamics is bound the simulation of pico- or nanoseconds at best. Even calculating the
self-diffusion of polymer melts is beyond the capabilities of common computational setups. Therefore,
devised procedures make use of either Monte-Carlo simulations (probe the statistical ensemble by random
changes of chain configuration, and accept or reject the change according to the Boltzmann energy
distribution), or pseudo-dynamics: Here the random change is induced by dynamic simulation of
movement with a physically wrong force field that allows chains to move unphysically fast and
interpenetrate.

For this work we programmed an algorithm that links HTPB pre-polymers with di-isocyanide cross-
linkers, to form urethane functionalities with the terminal hydroxyl groups of the polymer, by pseudo-
dynamics. Its single steps are in the following:

- Build up a set of molecules to react, they include uncured pre-polymers of various topologies, i.e.,
linear, star-shaped, comb connectivity, or dendritic structures. Note that for the generation of a chemically
cross-linked network, single chains are required to have at least three connection points for crosslinking.
Otherwise, only linear structures and ring topologies will be the result. The latter kind of systems only
show physical entanglement and possibly concatenated rings. Polymers used for a first test are a 1:1
mixture of linear chains and 3-armed regular star topologies. The reactive ends, the -OH groups are
located at the ends as terminal functional groups. Used molecular structures are presented in Figure 3.

- From the set of pre-polymers alongside the cross-linker molecules, a simulation box with a pre-
existing crystal surface is loaded by a hybrid Monte-Carlo algorithm, and relaxed in a geometry
optimization a dynamics run. The reactive groups of the pre-polymer are labelled as „reactive“, to be
addressed by the algorithm.

- Distances between reactive groups of HTPB are evaluated and groups, which are within a certain
reaction distance (10 Angströms) are marked, and unique pairs to be cross-linked are identified.

- On the respective pairs, an additional spring force, much weaker than those of a chemical bond, is
added to effectively draw the groups together in a next short geometry optimization run, by minimization
of the spring forces. This serves as a preparation step to position already neighbouring groups in a fashion
that allows for easy interconnection without tampering with the statistical distribution of conformation too
much.
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Figure 3: HTPB pre-polymers used, with linear and star-branched topology; reactive groups are
located at the chain ends (left); Urethane repeat unit to by inserted between end groups (spheres marked

with “X” are place holders for the urethane bond. (right,bottom); Isocyanide cross-linker (right, top).

- If the optimization managed to successfully draw the groups together, they are cross-linked
chemically by deleting terminal hydrogens of the hydroxyl groups and introducing the urethane group.
This step of pulling together groups may fail because a chain is in a highly stretched conformation
already. In such a case, the procedure is terminated for the pair. Also, a random free cross-linker molecule
in the system is deleted. The completely correct way from a statistical thermodynamic way would have
been to define reactive centres not only on polymers, but also on the cross-linker, and then, during a
dynamics run to „wait“ for polymer ends to meet a cross-linker, and eventually another polymer end
group. The reason behind this specific approach is that the diffusion coefficient of low-molecular
compounds in polymer is much higher than those of specific groups within the polymer chains. Thus, the
mutual approach of end groups happens on a much slower time scale than the diffusion of a cross-linker to
an end group. Following from reptation theory of chain segments, the disentanglement time  scales as
 ~ RNR³, with the friction coefficient of reptation R and chain length NR. Given a similar friction
coefficient and same volume of a cross-linker molecule as a repeat unit of the polymer, the hypothetical
ratio of cross-linker/polymer would be 1:125000 for HTPB of 50 repeat units. [13] Thus, the reaction speed is
controlled by the diffusion of end groups only. This means, once an end-end close contact between chains
is established for a time span, it is almost certain that the „fast“ cross-linker molecule will diffuse in their
vicinity Therefore, it is not necessary to simulate this diffusion process of the cross-linker explicitly. Also,
this method also does not violate the thermodynamics of a reaction of ends with cross-linker in two
consecutive steps. (R1 + L →  R1-L, then R1-L + R2 →  R1-L-R2)

- The system is subjected to another geometry optimisation to relax the highly unfavourable
conformation of the newly formed connection and the void of the deleted molecule elsewhere in the box.

- The previous steps are repeated until the system is depleted of close contacts. In this case a pseudo-
dynamics run is performed: An ordinary molecular dynamics run, but the intermolecular interaction forces
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are gradually scaled to zero in a series of runs, while the intramolecular terms are kept. By this, polymers
interpenetrate and move to new positions in a comparably short time span. Then, force terms are gradually
restored. The resulting system is now in completely different, but thermodynamically accessible and
realistic state of conformation. This procedure is analogous to a step in a Monte-Carlo simulation: A
system is changed randomly and the probability of such a change is given by the energy difference of
these stepwise random changes. Now with a new conformation at hand, the procedure of finding close
contacts, etc. can begin anew until the reaction is complete: either the cross-linker or the end groups of the
polymers are depleted.

Note that there exist procedures that pull together directly without any dynamics. This of course
yields cross-linked systems quickly, but leads to immense and unrealistic internal stresses that cannot be
resolved by relaxation algorithms. Also, the algorithm is designed to accept pre-polymers with correct
chemical structure, meaning, that HTPB molecules feature OH terminal groups to be replaced by the
respective urethane bonds during crosslinking. Another possibility would have been to use dummy atoms
as placeholders to be replaced when linked. But, by using realistic end groups, properties of the system
can also be extracted during the crosslinking procedure, even when the reaction is not finished yet.

Figure 4: Example of a filled box (left); change of bulk modulus vs. number of cross-links (right).

The result of this procedure is a cross-linked polymer over the crystalline surface. In 6 steps, the
algorithm managed to create 17 out of 18 possible links. From each step the bulk modulus has been
calculated and plotted against the number of cross-links in the system, as shown on the right hand side of
Figure 4. At least for this box size, the bulk modulus rises linearly, as the system gets stiffer because of
the introduced topological constraints. This result is in accordance with experimentally observed
hardening from viscous melt to rubber state.

Primitive Path

To generate input structures for future coarse grained simulations, a called primitive path algorithm
has been developed. The dynamics and viscoelastic behaviour of polymer melts, and also cross-linked
chains is determined by their microscopic structure. Chains slide past each other, and form entanglements,
which serve as topological constraints. [14] This is especially the case for long polymers with a chain
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length larger the mean length between entanglement points, and always the case for cross linked
polymers. These effects can be explained by so called universal properties of the polymer, mainly the
chain topology, regardless the chemical details. According to the Doi-Edwards theory [15], viscoelastic
behaviour is based on the Kuhn-Length, i.e., the contour length of chain segments between to
entanglement points. Between these points, the chain is can move freely in a tube-like confinement. While
the tube represents a volume of space that can be explored by a chain without violating the topological
constraints, the “primitive path” is the shortest path the chain could take without violating these
constraints. One approach, amongst others, would be a purely geometric path analysis, without the use of
energy expressions [16].
For this work, a procedure has been implemented in Materials Studio, in which backbone atoms and
bonds are replaced by dummy types, while all other atoms are deleted. The ends of chains are held fixed
in space, while the backbone contour is gradually shortened, by increasing the spring constant of bonds
between dummy atoms. By this dynamic approach, no special care has to be taken for correct treatment of
rings, branching centres, etc., as it is the case for geometric algorithms. This procedure corresponds
roughly to a total length minimization. Figure 5 shows an example for the gradual straightening of
segments. As periodic boundaries apply, each segment outside the box is folded back.

The higher the entanglement, the higher is the bulk modulus of the polymer, as the degree of
entanglement rises linearly with cross-linking, with a total number of 8 entanglements in the nearly fully
cross-linked case, in a volume of 30x30x40 Angström. The resulting structure of completely straight chain
segments also serves as input parameters for coarse grained simulations in the future of this project, to
yield the universal properties of the polymer.

Figure 5: From polymer backbones (left), over an intermediate structure (midde), to the primitive
path (right).

Pull-off simulation

By direct simulation of a pull-off experiment of networks on crystalline surfaces, the elastic
behaviour beyond the scope the bulk modulus is probed. The latter is yielded from elastic constants only,
meaning from small elongations of the system around the equilibrium conformation, as described above,
and in the framework of linear elasticity, with quadratic elastic potentials.

By pulling off the network, chains are stretched and in addition to the spring-like retaining force of
stretched chemical bonds, the entropic contribution of elongated chain conformations as well as the slip
movement of cross links is probed. Also, these pull off tests can probe the irreversible regime. At high
elongations, the stretched chains keep their conformation for a time span equal to their diffusion time. In
this work, different approaches have been tested:
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- Addition of a vacuum slab within the box and definition of a set of atoms to pull apart,
implementation of a constant pulling force. Then, in a dynamics run the system evolves accordingly, and
the phases are pulled apart. Snapshots of such a simulation are shown in Figure 6 for AP with uncured
HTPB: Voids form near the surface that are gradually enlarged, while the polymer chains are stretched A
major drawback of this approach is that certain atom positions of the AP crystal have to be held positions
fixed, and the pulling force has to act on certain, manually assigned chains explicitly. It may introduce a
man-made bias to the system. Also, the additional pulling force greatly increases the total energy of the
system at low elongations. This can be seen on the left graph of Figure 8. Here, the total potential energy
of the system is plotted against the relative elongation of the polymer. Up to elongations of 0.2, the energy
follows a quadratic fit. This means that pulling is energetically favourable, mainly from the contribution
of the pulling (quadratic) spring force, and from the expansion of the HTPB in vacuum. After that, the
potential energy shows the expected linear behaviour from chain disentanglements. Note that, as the
polymer is uncured, some chains remain at the surface. Necking (lateral thinning of the polymer) is
observed. Also, strain rates are extremely high compared to common experiments (order of billions /s).

Figure 6: Snapshots from a pull off simulation: AP/uncured HTPB with explicit atom sets to be driven
apart by an external force.

- Another type of pulling to gradually increase the size of the simulation box, by simple scaling of the
coordinates in small steps, as shown in Figure 7. This method has two advantages over the first one: There
are no pull-atoms to be defined, as the system itself is stretched. The components then adapt to this
anisotropic pressure acting on the system in total. This effectively pulls it apart, and cracks will form at
the weakest spots. Also this allows for a stepwise pull-off: The system is elongated, and then, during a
dynamics simulation of arbitrary length, it can relax to equilibrium under the constraint of the pulling
pressure. Afterwards, the elongation is increased for a further step. By this, the strain rate determined by
the length of the equilibration runs: If the system is equilibrated perfectly, the formal strain rate would be
0.
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Figure 7: Snapshots of a pull-off simulation of the system AP/cured HTPB by stepwise increasing the
boundary box length.

The potential energy difference vs. strain is given in Figure 8 (right). The quadratic contribution is
completely absent, and the increase in energy is nearly linear. Still, the statistical error of this method is
greatly increased.

Figure 8: Potential energy versus strain for two different algorithms.

Conclusions
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A molecular dynamics simulation procedure for the generation of crystalline surfaces, generation of
polymer networks, primitive path analysis, and pull-off dynamics have been presented, alongside
preliminary results. The motivation is to address effects (non-linearity in forces, viscoelasticity) on larger
time scales than those presently accessible by molecular dynamics.

In summary, it can be stated that generation of networks is possible and yields thermodynamically
consistent structures. Mechanical resilience increases with progress of the crosslinking reaction, as
expected from experiments and theory. Pull-off itself is also achieved, but highly biased by the type of
scheme applied. Still, the functional form of the potential at high elongation features the theoretically
accepted linear relation. A next step, after variation of input parameters, is to implement bond breaking
criteria to simulate damage within the polymer itself. This will expand the range of accessible elongations
beyond the entropic contribution of highly stretched chains.
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Abstract

Composite rocket propellants have often three-dimensional polyurethane elastomers as binders. One of the
high performance binders is HTPB (hydroxyl-terminated polybutadiene) cross-linked to an elastomer with
an isocyanate in polyaddition reaction. It is essential for the mechanical properties of the final rocket pro-
pellant that cross-linking or curing has reached a high degree of conversion during the heat treatment of the
initially liquid propellant mix. To assess the degree of curing is especially important, when evaluating and
assessing the ageing. Therefore, one should understand the kinetics of the curing reaction in order to know,
when residual curing during in-service time does not interfere with loss in strain capacity by ageing. Some
binder and propellant mixes were investigated (1) via the reaction heat followed by heat flow calorimetry
and (2) by volume shrinkage caused by cross-linking, at several temperatures in the range of 50°C to 80°C.
The shrinkage of the volume Vg of the reaction mixture was followed in a closed pressure curing cell (PCC)
by measurements of the system pressure pS. A kinetic model based on the bimolecular reaction between
OH-terminated pre-polymer and poly-isocyanate was developed, which describes the heat generation rates
dQ/dt and the volume change rates dVg/dt or pressure change rates dpS/dt. The equivalent ratio between
OH-groups and NCO-groups is considered in the model. However, the application of the model is not
straightforward in spite of the basic simplicity of the model. The reason is that the reaction of second order
between two components demands the knowledge of the real start point in time of the reaction, as well as
the start concentrations of the reactants. Further on, there are many handling procedures as kneading with
the isocyanate, taking out the samples from the batch, transportation of samples to the laboratory, filling of
measurement cells and finally the preparation of the measurement itself. During all these steps, the reaction
is already in progress and a certain conversion is achieved already up to the time from where the measure-
ment of heat generation rate or volume shrinkage is usable for evaluation. Therefore, a special modelling
procedure was developed to take into consideration of all these time-temperature sections with their pre-
reactions with regard to the main part of the curing reaction in the microcalorimeter or in the PCC. By this
procedure, the heat flow curves dQ/dt and the pressure rate curves dpS/dt or the system pressure course pS =
f(t) can be at first reconstructed and secondly described. With measurements at several temperatures, the
Arrhenius parameters are obtained and conversion curves can be established. By this, the curing reactions
can be assessed and suitable curing times can be defined. Further, the molar heat of reaction and the molar
volume of reaction for one molar conversion of NCO were determined. The effect of curing catalysts are
easily recognizable.

Keywords: HTPB curing; modelling of curing; microcalorimeter measurement; volume shrinkage by cur-
ing; molar heat of reaction; molar volume of reaction
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1. Introduction 
 

Curing reactions, means cross-linking reactions, are of great importance in polymer bonded explosives, 

means here elastomer bonded explosives; typical PBX systems are based on the cast-curie procedure, often 

with HTPB binder. Composite rocket propellants (CRP) are mostly based on polyurethane (PUR) binders 

using pre-polymers as GAP, DesmophenTM, HTPB. To investigate the ageing of CRPs the post-curing part 

has to be known. The determination of the curing behaviour of typical binder systems for CRPs was under-

taken with curing of HTPB and isocyanate. For this the reaction kinetic curing model is established. The 

model is applied to curing data obtained at one hand from microcalorimetric measurements and on the other 

hand from volume shrinkage in a closed volume by pressure measurements. One complication should be 

mentioned: with the microcalorimetric signal alone and with system pressure alone, one cannot distinguish 

between parallel reactions proceeding with similar rates. But this aspect seems not a matter of concern with 

the here selected materials. A further discussion of the description of isocyanate reactions based on NCO-

groups of different reactivity is given in the Appendix. 

 

 

2. Used substances and instruments 
 

In Table 1 the composition of the here used binder formulation TS-07 [1] is given. From the equivalent 

masses of the binder pre-polymer HTPB R45 HTLO and the curing agent DesmodurTM E305 the equivalent 

ratio Req is calculated. The curing agent has equal NCO groups with regard to their reactivity and sterical 

environment. It is HDI (hexane diisocyanate) based and chain elongated by some short polyether chain [2]. 

In good approximation, all the OH groups of the HTPB have also equal reactivity. The kneading was done 

in planetary-rotary or planetary-centrifugal vacuum mixer [3]. The device is called Thinky MixerTM, type 

ARV-310 (distributing company in Germany: C3 Prozess- und Analysentechnik GmbH, D-85540 Haar, 

Germany; the manufacturer is Thinky Corporation, 7F, Chiyoda-ku, Tokyo, Japan). The rotation speed was 

1600 cycle per minutes and the pressure range 10 to 50 mbar.  

 

Table 1: Composition of binder formulation TS-07 and characteristic numbers of this formulation. No cur-

ing catalyst was added.  
 

Substance type Substance 

Amount 

in knead-

er [g] 

Equivalent 

mass 

[g/mol-eq] 

Equivalent 

number 

(EN) 

Molar 

mass 

[g/mol] 

Molar 

number 

Binder (Polyol) 
HTPB R45 

HTLO 
63.85 1205 0.0529876 

  

Curing agent (Polyi-

socyanate, PI) 

DesmodurTM 

E305 
15 328.1 0.0457178 

  

Plasticizer DOA 20 - - 370.576 0.053970 

Antioxidant 
VulkanoxTM 

BKF 
1.15 - - 340.6 0.003376 

  Sum [g] 100 
    

Curing catalyst (in 

mass-% phr) 
- - 

    

Req = (EN -NCO)/(EN-OH) 0.863 
    

 

The curing reaction of TS-07 was followed by heat flow microcalorimetry (HFMC), which is an established 

method to measure the heat flow of chemical reactions, see for example [4]. So-named TAMTM II and 

TAMTM III instruments manufactured by Thermometric AB and Waters Inc., BU TA Instruments, respec-

tively, were used to measure the heat production of the curing reaction. The applied property for assessment 
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is heat generation rate (HGR) dQ/dt, measured in stainless steel ampoules with inserted glass vials to pre-

vent direct contact between steel and the sample. From heat generation rate dQ/dt the heat generation Q is 

obtained by integration over time. Isothermal measurement temperatures were 60°C, 70°C, 80°C. All 

measurements have had enclosed air in the ampoules. The formulation was protected against oxidation by 

an antioxidant. Two further samples were investigated with DSC at different heating rates and the evalua-

tion was done with the generalized Kissinger equation, see later. These two formulations were TS-38 and 

TS-44, HTPB-IPDI (Req = 0.869), 25 mass-% DOA and 1.53 mass-% VulkanoxTM BKF. Both contained 

the curing catalyst TPB in an amount of 0.02 mass-% phr [1]. A fourth binder formulation was re-

manufactured, named AV00, also based on HTPB-IPDI (Req = 0.870), with 25 mass-% DOA, with 1.0 

mass-% antioxidant IrganoxTM 565 and with 0.04 mass-% TPB. It was already investigated [9]. The last 

investigated formulation in this paper is TS-78 [1, 5]. The composition is given in Table 2. It contains am-

monium perchlorate (AP) and aluminium. 

 

Table 2: Composition of formulation TS-78 and characteristic numbers of this formulation [5]. The curing 

catalyst TPB was added. The formulation TS-78 was used to follow its volume shrinkage during curing in a 

PCC (Pressure Curing Cell). 
 

Substance type Substance 

Amount 

in knead-

er [g or 

%] 

Equivalent 

mass 

[g/mol-eq] 

Equi-

valent-

number 

(EN) 

Molar 

mass 

[g/mol] 

Molar 

number 

Binder (Polyol) 
HTPB R45 

HTLO 
10.684 1205.0 0.008866 

  

Curing agent (Poly-

isocyanate, PI) 
IPDI 0.926 111.0 0.008342 

  

Plasticizer DOA 6.00 - - 370.576 0.053970 

Antioxidant 
VulkanoxTM 

BKF 
0.24 - - 340.6 0.003376 

Bonding agent  HX 878 0.15 200.0 0.00075   

Oxidizer 
AP 200 µm,  

AP   45 µm 

56.0 

12.0 
-    

Fuel Al, 18 µm 14.0 -    

  Sum [g] 100 
    

Curing catalyst (in 

mass-% phr) 
TPB 0.02 

    

Req = (EN -NCO)/(EN-OH) 0.868 
    

 

To follow volume shrinkage, one needs to place the reacting mixture in a closed volume under a slight 

overpressure. Then the pressure decrease during the cross-linking and the curing reaction can be followed. 

For this, one of us (GM) designed so-called Pressure Curing Cells (PCC) and ten of them were manufac-

tured from stainless steel at Fraunhofer ICT [6]. The Fig. 1 shows a schematic drawing of the pressure cell. 

The diameter of the PCC has been chosen in such a way to fit into existing aluminum heating block ovens, 

which can be precisely controlled to 0.05°C to < 0.1°C in the time range of measurement. The resulting 

mechanical stress by compression of the sample, measurable as pressure, is related to the state of defor-

mation by its material law, which has the bulk (compression) modulus  of the material as characteristic 

property. Sutton gives an empirical value for  of 1.4 GPa [7]. According to this quite high value, the value 

of the pressure derivative with respect to time is much higher than the one of the triggering volume change. 

Consequently, the accuracy of the measurement principle is satisfying. But necessary is a very constant 

temperature reservoir for the PCCs.  
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No. Description 

1 tube, main body 

2 displacer 

3 cap nut 

4 bottom closure 

5 cap screw 

6 bottom screw 

7 sliding disk 

8 sliding disk 

9 disk 

10 elastomer sealing 

 

 

Fig. 1: Schematic drawing of the Pressure Curing Cell (PCC) with volume of about 10.71 ml. Measures are 

in millimetres [6]. 
 

 

 

 
 

Fig. 2: Bottom closure (part no. 4 in Fig. 1) of the PCC with build-in DBST sensor (containing a pressure 

transducer and a temperature sensor) [6]. 

 

The pressures are recorded by DBST (dual bond stress and temperature) sensors from Micron Instruments, 

Simi Valley, CA, USA [8], using the appropriate data loggers, see Fig. 2. They operate principally as very 

sensitive and over time very stable pressure transducers. Details on functioning and operation of a PCC can 

be found in [6] and [9]. 

 

Surface of the DBST-sensor 

Elastomer filling 

Sensor cable 

Surface for con-
ical metal-metal 
sealing 

31.5 

       115 
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3. Model formulation 
 

3.1 Reaction kinetic expression for consumption of the isocyanate 
 

The start point for the model formulation is the bimolecular reaction between the OH groups of the pre-

polymer, named B and the isocyanate groups NCO of the polyisocyanate, named A. By the addition reac-

tion between A and B the urethane group AB is formed, Eq.(1), connected with molar reaction heat ΔHR,A 

and molar reaction volume ΔVR,A, both with respect to the conversion of reactant A. 

 

A,RA,R V  H    AB       B  A 2
k

         (1) 

 

In principle, the isocyanate can further react with the urethane group forming an allophanate and even this 

product is able to react again with isocyanate to form a biuret. In section Appendix, this is shown in more 

detail and extended kinetic formulations are given. But it is reasonable to concentrate on the primary reac-

tion between A and B forming urethane, because it is by far in advantage when using polymeric alcohol 

groups as hydroxyl-terminated polymers. In the following the reactivity of all OH groups and all NCO 

groups are each considered equal and the formulation of the model is established from the view of the con-

sumption of the NCO groups. If one can apply measurement methods, which can distinguish between the 

different NCO groups, for example those of IPDI (isophorone diisocyanate), then at least two of the follow-

ing equations can be applied. However, the situation with IPDI is much more complex, see Appendix.  

 

To facilitate the model formulation, so called normalized concentrations are used, means the actual concen-

trations A(t) and B(t) are divided by the start concentration by the species governing the reaction, here 

A(0). In Eq.(2) the resulting reaction rate equation is shown, formulated in molar concentrations of A and 

B. The concentrations in the following equations are in mol per unit (volume or mass of mix), if not other-

wise indicated. 
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       (2) 

 

The concentration B(t) can be easily expressed by Eq.(3) because of molar relationship between A and B. 

Considered is also a start concentration of B, which must not be equal to A(0). If B(0) = A(0) the formalism 

changes to an ordinary reaction of second order. Introducing Eq.(3) in Eq.(2) the Eq.(4) is obtained. 
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Useful abbreviations are introduced now: Ar(t) = A(t)/A(0) and the equivalent ratio Req between NCO and 

OH groups is defined by Req = A(0)/B(0). Finally the reaction rate constant k2 is changed to k2A = k2A(0). 

This leads to Eq.(6), the model formulation with regard to isocyanate consumption. 
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      (6) 

 

The integration of Eq.(6) with the start condition Aro = Ar(0) = 1 gives the Eq.(7) or in somewhat rear-

ranged form the Eq.(8). 
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     (8) 

 

But often the situation is encountered that the bimolecular reaction has already started before the measure-

ment can be started. This means the conversion has already reached a value corresponding to a formal start 

concentration Aro < 1. The integration of Eq.6) has the initial condition Ar(0) = Aro. The resulting expres-

sion for Ar(t) is shown in Eq.(9). With Aro = 1 the Eq.(7) follows. 
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     (9) 

 

 

3.2 Reaction kinetic expression for heat generation rate dQ/dt 
 

To connect heat generation rate with the concentration of the looked for species A(t) the Eq.(10) is the start 

point, which states that heat generation rate dQA/dt caused by reaction of A is equal to the substance change 

rate dA(t)/dt times the molar heat of reaction (-ΔHR,A) in energy/mol. The convention to have negative data 

with exothermal reactions is here converted, because in heat flow microcalorimetry the standard convention 

is to have exothermal heat output data as positive.  

 

 A,R

TT

A H
dt

)T,t(dA
 

dt

)T,t(dQ


















       (10) 

 

The formal integration of Eq.(10) between time t = 0 and t gives Eq.(11). 

 

321



  )H()t(A)0(A  )0(Q)t(Q A,RAA         (11) 

 

At the end of the measurement at time te, which corresponds to non-measurable changes in the signal, 

Eq.(12) is valid. From this the Eq.(13) is immediately derived, whereby A(te) = 0 and QA(0) = 0. All quan-

tities QA have the unit of energy. Remark: because the polyurethane reaction is an addition reaction without 

changing the reaction gas volume, the reaction heat ΔQR,A and the reaction enthalpy ΔHR,A are formally 

identical. 

 

  )H()te(A)0(A  )0(Q)te(Q A,RAA        (12) 

 

)0(A)H()te(Q A,RA           (13) 

 

Using the normalized quantities QAr and Ar, the Eq.(15) is obtained. It states that the normalized quantities 

are directly proportional. The conversion A is defined as shown with Eq.(16). From these equations, the 

Eq.(17) and Eq.(18) can be derived. Further, together with Eq.(15) and Eq.(7) the Eq.(19) is found, which is 

the looked for model to describe the heat generation rate of a bimolecular reaction. 
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3.3 Reaction kinetic expression for pressure decrease caused by volume shrinkage 
 

The formation of the urethane group causes a shrinkage in volume, because the molar reaction volume 

ΔVR,A is negative. This originates from the fact that formation of chemical bonds between reaction partners 
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normally reduces the volume. This effect can be used to follow the cross-linking of the binder in rocket 

propellants, by looking on the total volume of the reaction mix. The total volume Vg at time t is given by 

Eq.(20) or Eq.(21), using molar concentrations and the individual molar volumes vj. The individual volume 

components can be expressed via Eq.(22). Index F stands for filler. 
 

FABBAg V)t(V)t(V)t(V  )t(V          (20) 

 

FABBAg vFv)t(ABv)t(Bv)t(A  )t(V        (21) 

 

The volume part of the filler(s) does not change during curing, so VF is not a function of time. 
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The molar reaction volume ΔVR,A, which corresponds to the molar reaction conversion from A+B to AB, is 

given by Eq.(23). By this the Eq.(22, third) is reformed to Eq.(24). The total volume Vg is now expressed 

by the individual volume parts and by rearrangement the Eq.(25) results and finally, by introducing the 

quantity Vg(0), the Eq.(26) is reached. The relation between substance decrease rate and volume decrease 

rate gives Eq.(27). 
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Finally, the volume parts VF of solid or liquid fillers, which do not change during curing, play no role in 

following the curing reaction by pressure decrease. The course of the measurement is made in such a way 

that the reaction mixture always fills up the total volume VPCC of the measurement device, here the pressure 

curing cell (PCC). This is achieved by putting a slight overpressure on the material, maximum up to 40 bar. 

This low pressure does not change intramolecular distances between atoms and does not change in very 

good approximation the molar volumes, especially with the small ‘hard’ substances like the isocyanates. 

With bigger polymer coils some slight pressure influence could appear. Also temperature could change the 

volume of the polymer coil. Then the molar reaction volume becomes slightly pressure and temperature 

dependent. However, because the HTPB is a liquid with relatively high density, its compressibility is low. 

 

The case considered here is that with volume decrease a pressure decrease results, means it is not a normal 

compression. It is handled according to Eq.(28). 
 

323



PCC
T

g

S

V

K

dV

dp















          (28) 

 

pS ‚system‘ pressure, the pressure measured in the PCC 

Vg the total volume of the reaction mixture 

VPCC volume of the PCC, it is always filled up by the reaction mixture 

K ‘decompression’ constant, independent of reaction conversion and of pressure in 

the considered experimental pressure range of maximum 30 bar. Assumption: All 

reaction participants have the same molecular stiffness against pressure, so K does 

not change with pressure. 
 

The integration of Eq.(28) gives Eq.(29) and at the end of reaction at time te the Eq.(30) is valid. With these 

both equations together the Eq.(31) is formed, and with Eq.(26) the Eq.(32) is obtained. Because at end of 

reaction the concentration A(te) of the isocyanate is zero, the Eq.(33) results. Inserting Eq.(7) gives finally 

the looked for equation Eq.(34). Please note the quantity used to followed by the curing extent is the vol-

ume Vg(t), in spite of the fact that when the actual measurement quantity is pressure. In a first step the reac-

tion rate constant is considered pressure independent. 
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Some further relations are shown in the following Eq.(35).  
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3.4 Modification of kinetic expression to include already happened  

conversion 
 

Eq.(19) describes the course of the heat generation rate dQA(t)/dt, if the measurement starts really at the 

time, when the reaction between A and B starts. But this is not achievable with practically any measure-

ment method. The curing reaction starts at the same moment of adding the isocyanate to the mix containing 

the binder or pre-polymer. After preparing the reactive mix for example in a kneader, one has to transfer the 

reacting mix to the measurement cells of the microcalorimeter and one has to wait some 10 to 15 minutes 

for equilibration before starting the active measurement. But mostly even then the first part of the data is 

not yet usable and one has to discard further portions of the data. Meanwhile a defined conversion is 

reached in the mix. The data from the microcalorimeter are usable only from a time period on after the real 

start point. Means one get not the full data on the curing reaction. In other words the quantity QA(te) neces-

sary in Eq.(19) is not achievable from the measurements, a quite uncomfortable situation. It is illustrated in 

Fig. 1. Up to about 0.152777 days = 3.66 hours (without pre-time tp added, blue solid line) the data are not 

useable. 
 

 
Fig. 3:  Illustration of data condition by following the curing reaction with microcalorimetry and data selec-

tion for modelling. 
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The aim is to modify Eq.(19) in such a way to be applicable with the data. From Fig. 3 it can be seen that 

the reaction heat is in part measured and obtainable from the time td to the end of measurement at time te. 

This part of reaction heat (heat generation) is named QAde. In addition, one needs the part of reaction heat 

from time t =0, meant is the real start of the curing reaction in the kneader, up to the time td. From Eq.(17) 

we get the Eq.(36), here with introducing that reasonably the quantity QA(0) = 0, which gives the heat gen-

erated from time t=0 to any time t. Therewith the Eq.(37) is obtained for the total released reaction heat and 

this equation reformulated to Eq.(38) gives an expression for QA(te), which is finally determined by the 

reaction model, see Eq.(39). This enables to establish the looked for Eq.(40) for modelling of the measured 

data. The only unknown parameter in this equation is the reaction rate constant k2A. 
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  (40) 

 

With the Eq,(34) to describe the pressure decrease no special measures must be applied to this equation, it 

can be used as it is to determine the start pressure pS(0) for the extrapolated reaction start and the final pres-

sure pS(te) as well as the reaction rate constant k2A. 

 

 

3.4 Consideration of handling of the cure mix before the start  

of measurement 
 

The curing reaction starts with the addition of the isocyanate to the already kneaded pre-mix. The reaction 

rate of the second order reaction is sensitive to the start condition, see Eq.(5) and Eq.(6), in contrast to a 

first order reaction. Even if one would make the mix inside the microcalorimeter one has to discard a signif-

icant part of the data at begin, because the instrument would be out of measurement equilibrium. Therefore, 

one has to achieve the ‘reconstruction’ of the start of the reaction. First one must include all the pre-

handling sections, as shown in Table 3.  
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Table 3:  Example of handling sections with times tV and corresponding handling temperatures TV before 

the start of the measurement with the microcalorimeter and their rescaling to the curing (measurement) 

temperature TM = 60°C with the generalized van’t Hoff equation. Finally the scaled pre-times are summed-

up to the total pre-time tp. 
 

 Operations before measurement 
temp. T

V
  

[°C] 

time t
V
  

[min] 

t
M

 at target temp. T
M

 = 60°C, 

scaled from t
V
 with F = 2.2 

[d] 

 end of kneading without isocyanate 28 0 0 

 kneading with isocyanate 28 2 0.00011141 

 transport to laboratory 26 15 0.00071366 

 handling in laboratory 25 4 0.00017588 

 pre-heating in microcalorimeter 60 17 0.01180556 

                                            total pre-time tp at T
M

 in days   0.01280651 
 

The scaled times tM are the times at measurement temperature TM, which result in the same conversion 

achieved at the times tV at the corresponding temperatures TV. This consideration needs a scaling of the 

times tV to the used measurement temperature TM, which is done here with the generalized van’t Hoff equa-

tion, Eq.(41). 
 

1440/F[min]t]d[t FT/)MTVT(

VM


        (41) 

 

These times are added up to the total pre-time tp. The inclusion of this pre-time is shown in Fig. 3. In Fig. 4 

the total situation for modelling is illustrated. The broken black, thick line shows the dQA/dt experimental 

data used in modelling with Eq.(40). The heat generation QA corresponding to these dQA/dt data is shown 

as blue dotted line. By modelling, the red, thin curve is established as the total dQA/dt curve and the corre-

sponding QA curve is the blue full line. The two characteristic times tp and td are shown also. 
 

 
Fig. 4:  Situation of data. Accessible and usable data are only the dQ/dt-data from time td on. Before de-

termining td the pre-time tp is added to the data. A significant part of reaction heat is not directly achieva-

ble, only by extrapolation with the model. 
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For modelling of the data, the Eq.(42) is used, with the abbreviations dQ1 and dQ2 given in Eq.(43) and 

Eq.(44) respectively. Formally only the reaction rate constant k2A is the fit parameter of Eq.(40). There can 

be a residual reaction producing a small part of heat generation rate not coming from the wished reaction. 

For compensation, the parameter dQoff can be used. 
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With pressure-time data the similar procedure was made: adding the pre-handling time tp and then selection 

of suitable pressure-time data from time td on, see Fig. 5. But in contrast to heat generation rate, with 

Eq.(34) for pressure decrease no special measures must be applied, Eq.(34) can be used as it is to determine 

the formal start pressure pS(0) for the extrapolated reaction start. Also pS(te) and the reaction rate constant 

k2A can be directly obtained with Eq.(34).  

 
 

Fig. 5: Typical pressure course during curing in the PCC. The data at begin are not usable for the evalua-

tion, because the temperature of the reaction mix is not yet constant. The data for the kinetic description are 

used from td on. 
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4. Results of the modelling 
 

4.1 Microcalorimetric measurements 
 

The results of the modelling can be seen in the Fig. 6 to 8 for the three curing temperatures. The graphs 

show the full curve for dQA/dt and the used experimental heat generation rate data for modelling as dashed 

curve, mainly coinciding with the modelled curve, as well as the heat generation QA, which is always the 

curve going up to the right. All the parameters obtained are collected in Table 4 together with the fit quality 

data. For comparison of the outcome the normalized representation shown in Fig. 9 is suited. There the 

conversion to the urethane linkage AB is shown, calculated by Eq.(45). Another possibility is to use the 

normalized heat generation rate, Eq.(14). 
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Fig. 6:  Modelling of the curing data dQA/dt at 60°C with td = 0.16558 d. The model extrapolates the miss-

ing curve from td to time zero. Used measurement data are shown as black dashed line. To the measured 

time data the pre-time tp = 0.012807 d was added before the modelling. 
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Fig. 7:  Modelling of the curing data dQA/dt at 70°C with td = 0.131977 d. The model extrapolates the 

missing curve from td to time zero. Used measurement data are shown as black dashed line. To the meas-

ured time data the total pre-time tp = 0.012454 d was added before the modelling. 

 

 
Fig. 8:  Modelling of the curing data dQA/dt at 80°C with td = 0.05809 d. The model extrapolates the miss-

ing curve from td to time zero. Used measurement data are shown as black dashed line. To the measured 

time data the total pre-time tp = 0.002535 d was added before the modelling. 
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Table 4:  Results of the modelling of the heat generation rates measured during curing of TS-07 samples at 

three curing temperatures. One column shows the results at 60°C with td (start of modelling) reset to zero. 

 

quantity unit 60°C, td=0 60°C 70°C 80°C remark 

dQA(0)/dt µW/g 794.8 2256.7 4719.8 8807.2 from model 

dQA(td)/dt µW/g 750.8 750.8 1034.5 2360.5 experimental 

dQoff  µW/g 0.02 0.04 1.0 1.6 model input 

QAde J/g 25.27 24.6 20.32 24 experimental 

QA(te) J/g 25.27 43.7 46.1 47.7 from model 

tp d 0.012807 0.012807 0.012454 0.002535 experimental 

td d 0.00 0.16558 0.131977 0.05809 experimental 

k2A 1/d 2.345 3.854 7.637 13.76 from model 

SD2 (µW/g)2 74.83 69.68 52.29 736.6 from model 

COD-R2 - 0.9964 0.9975 0.9982 0.9938 from model 

 

 
Fig. 9:  Conversion of the curing reaction, formation of the urethane compound AB at three curing tem-

peratures. 
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Fig. 10:  Modelling of the curing data dQA/dt at 60°C with td = 0, means no extrapolation back to real time 

zero by the model. Used measurement data are shown as black dashed line. To the measured time data the 

pre-time tp = 0.012807 d was added before the modelling. 

 

Because of lack of measurement information from begin on of the reaction, one could have the idea to 

make another way of modelling in that the measurement data are reset to zero from time td on. This gives 

firstly the wrong heat of reaction and secondly it provides with incorrect Arrhenius parameters and incor-

rect values of reaction rate constants. In Fig. 10 such a modelling is illustrated with the curing at 60°C. The 

obtained modelling parameters are also given in Table 4 and can be compared with the ones of the correct 

modelling. 

 

 

4.2 Pressure measurements 
 

The results of the modelling of the pressure decrease curves are exemplarily shown in Fig. 11 and Fig. 12. 

In principle, the procedure is the same as with heat generation rate. First, the pre-handling times have to be 

considered, scaled to the applied curing temperature. Then data must be analysed with respect to the usable 

start time td. Then the modelling is performed with mainly k2A and pS(0) as fit parameters. The final pres-

sure pS(te) was found by trial. Both initial and final pressure depend on the temperature during the filling of 

the PCC, which is always lower than the used curing temperature. By temperature increase in the oven, the 

overpressure is obtained [6]. 

 

Fig. 13 shows the formation of the urethane compound AB at two curing temperatures, but as double meas-

urements. Shown are also the pressure decrease curves, which are quite individual, means they do not coin-

cide for the same temperature, but calculated to conversion the two curves at each temperature coincide 

perfectly. The reason is the different filling temperatures applied, which result in different pressurization. 
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Fig. 11:  Modelling of the curing data obtained as system pressure pS(t) at 60°C in PCC-1 with td = 

0.076119 d. The experimental start pressure was about 34 bar. The model extrapolates the missing curve 

from td to time zero. Used measurement data are shown as black dashed line. To the measured time data the 

total pre-time tp = 0.0156325 d was added before the modelling. 

 

 
Fig. 12:  Modelling of the curing data obtained as system pressure pS(t) at 70°C in PCC-9 with td = 

0.0480106 d. The experimental start pressure was about 23 bar. The model extrapolates the missing curve 

from td to time zero. Used measurement data are shown as black dashed line. To the measured time data the 

total pre-time tp = 0.0091217 d was added before the modelling. 
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Fig. 13:  Conversion of the curing reaction, formation of the urethane compound AB at two curing tem-

peratures, but as double measurements. Shown are also the pressure decrease curves, which are quite indi-

vidual, means they do not coincide for the same temperature, because of individual filling of the PCCs at 

slightly different temperatures at filling. But calculated to conversion the two curves at each curing temper-

ature coincide perfectly. 
 

Table 5:  Results of the modelling of the pressure decrease by volume shrinkage of formulation TS-78 at 

two curing temperatures. At each curing temperatures two measurements were performed. The final pres-

sure pS(te) was determined by trial. 
 

quantity unit 60°C, PCC-1 60°C, PCC-3 70°C, PCC-7 70°C, PCC-9 remark 

pS(0) bar 73.653  0.14 67.897  0.16 84.760   0.11 57.625  0.24 from model 

pS(td) bar 30.445 27.716 32.664 21.119 experiment 

pS(te) bar 4.13 2.10 5.45 1.60 from model 

tp d 0.0156325 0.0155612 0.0089227 0.0091217 experiment 

td d 0.076119 0.069103 0.0446866 0.0480106 experiment 

k2A 1/d 16.542  0.03 17.225  0.04 31.485  0.04 31.703  0.12 from model 

SD2 (bar)2 0.04856 0.0706 0.01589 0.06089 from model 

COD-R2 - 0.9978 0.9965 0.9990 0.9911 from model 

 

 

5. Discussion 
 

Besides reaction rate constants from heat generation rates determined with microcalorimetry also the heat 

(enthalpy) of reaction is obtainable with this method. In Table 6 the way from heat generation QA(te) to the 

heat of reaction is shown. All three values of QA(te) and HR,A are compiled in Table 7 together with some 

334



statistical parameters. The average enthalpy of reaction is found as 100.2  4 kJ/mol. The Arrhenius param-

eters found with the two types of modelling are listed in Table 8 and the Arrhenius graphs are shown in Fig. 

14 and 15. The modelling with td set to zero gives wrong Arrhenius parameters and wrong heats of reac-

tion. 

 

Table 6: Calculation of heat (enthalpy) of reaction related to the conversion of one NCO group. Because 

the addition reaction between NCO and OH is not changing the gas amount during the reaction, the heat of 

reaction and the enthalpy of reaction are equal by value. 

 

QA(te) [J/g] 45.8 Related to total mass of formulation (average value) 

QA(te) [J/(g PI)] 305.33 in J/g, related to the mass of polyisocyanate 

QA(te) [J/(mol-eq PI)] 100179.86 J/mol-eq, related to the mol-eq of polyisocyanate 

ΔQR,NCO; ΔHR,NCO 100.2 in kJ per mol-eq of polyisocyanate  

ΔQR,NCO; ΔHR,NCO 100.2 in kJ/mol, per NCO group  

 

Table 7: Compilation of by modelling obtained Q(te) values of TS-07 at the applied three curing tempera-

tures and the corresponding heats (enthalpies) of reaction ΔHR,NCO with regard to one NCO group. The used 

curing agent DesmodurTM E305 has an equivalent mass of 328.1 g/mol-NCO. 

 

Curing temp.  

[°C] 

QA(te)  

[J/g] 
 

Curing temp.  

[°C] 

ΔHR,NCO 

[kJ/mol-eq] 

60 43.7  60 95.6 

70 46.1  70 100.8 

80 47.7  80 104.3 

average [J/g] 45.8  average [kJ/mol-eq] 100.2 

std dev [J/g] 1.64  std dev [kJ/mol-eq] 3.57 

std dev [%] 3.6  std dev [%] 3.6 

Min-dev [%] 4.6  Min-dev [%] 4.6 

Max-dev [%] 4.1  Max-dev [%] 4.1 

 

Such values of reaction heats are reported also in literature. In another work [9,10] the exothermal molar 

heat of reaction (-HR) was determined to 93  5 kJ/mol for the reaction of one mol-equivalent NCO with 

one mol-equivalent OH, but in a system HTPB R45M with IPDI. In [11] 108.8 kJ/mol are given and in [12] 

a value of 100.4 kJ/mol is reported. But also much smaller values can be found in literature, between 77.5 

and 104.7 kJ/mol [13], or even only 60.3 kJ/mol [14] and as less than 23.7 kJ/mol-eq, [15], in a range up to 

50 kJ/mol-eq, with an average value of 38.4  7.4 kJ/mol-eq [15]. To some extent the molecular structure of 

the reactants and the used medium have influence on the enthalpy of reaction. But such a wide span indi-

cates some principle problems in determining the correct heat or enthalpy of reaction for the isocyanate 

addition reaction with alcohols to urethane. Especially the data from [15] suffer because of limited sensi-

tivity of DSC and that the start of the reaction was quite before the start of recordable heat flow in the DSC 

thermogram. 
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Table 8: List of the obtained Arrhenius parameters of TS-07 and TS-78 with the modelling using td not 

zero (correct modelling). With TS-07 a modelling using td set formally to zero and heats of reaction was 

made. 
 

quantity 

TS-78 in PCC 

td not zero  

(correct modelling 

TS-07 in microcal. 

td not zero  

(correct modelling) 

TS-07 in microcal. 

rescaling of time axis 

with td set to zero 

EaA [kJ/mol] 59.6 ± 2 62.3 ± 1.6 51.5 ± 0.8 

ZA [1/d]   3.707E+10 2.257 E+10 2.816 E+8 

lg(ZA [1/d]) 10.569 ± 0.3 10.354 ± 0.25 8.450 ± 0.12 

COD-R2 0.9979 0.9993 0.9998 

QA(te) [J/g] - 45.8 ± 1.6 24.8 ± 2.5 

ΔHR,NCO [kJ/mol-eq] - 100.2 ± 3.6 54.2 ± 5.5 

Remarks 
with curing cat. TPB 

curing with IPDI 

no curing catalyst 

curing with E 305 

 

 
Fig. 14:  Arrhenius plot of the reaction rate constants of the curing reaction of TS-07. Determination by 

modelling with the experimental data with added pre-time tp and starting from td not re-set to zero (correct 

modelling). 
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Fig. 15:  Arrhenius plot of the reaction rate constants of the curing reaction of TS-07. Determination by 

modelling with the experimental data with added pre-time tp and starting from td re-set to zero. Different 

Arrhenius parameters are obtained in comparison to the procedure used with td not set to zero. 
 

 
Fig. 16:  Arrhenius plot of the reaction rate constants of the curing reaction of TS-78 in PCCs. Determina-

tion by modelling with the experimental data with added pre-time tp and starting from td not re-set to zero 

(correct modelling). 
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The results from the tracking of the volume shrinkage by decrease of system pressure in PCCs are shown in 

Fig. 16 as Arrhenius plot. The obtained Arrhenius parameters are congruent with the other data obtained 

and also found in the literature. The comparison of the reaction behaviour of the pure binder formulation 

TS-07 and the propellant formulation TS-78 is presented in Fig. 17. The curing of TS-78 proceeds much 

faster than that of the binder TS-07. The reason is seen in the added curing catalyst TBP in TS-78. But the 

activation energies are quite similar. Means here the catalyst acts also by increasing the pre-exponential 

factor. Also the difference in chemical structures of the isocyanates can have an influence. 

 

 
Fig. 17:  Comparison of curing behaviour of binder TS-07 (contains no fillers, curing agent E305) and for-

mulation TS-78 (containing AP and Al, curing agent IPDI) at 60°C. The curing of TS-78 proceeds much 

faster than the one of the binder TS-07.  

 

 

From the data of the PCCs one should get also the molar reaction volume ΔVR,A of TS-78 with regard to 

one molar conversion of the NCO-groups. The data to calculate it are compiled in Table 9. The volumes of 

the PCCs are set equal to 10.71 cm3 and the ‘decompression constant’ K is estimated as 18000 bar, the av-

erage of the two values given in [9]. The final pressure differences ΔpS = pS(te)-pS(0) are obtained from 

Table 5. The final volume difference for the total formulation is calculated from Eq.(30). In average, it is -

0.0403 cm3 means about 0.38 % shrinkage in the PCCs. With regard to the reaction mixture HTPB+IPDI 

the volume must be scaled by the factor 8.614 given in Table 9. It is just the amount scaling to 100% of 

HTPB+IPDI in the formulation. The shrinkage with regard to only the binder HTPB+IPDI is -0.35 cm3 or -

3.24 %. With the molar volume sum of HTPB and IPDI per equivalent and the start concentration of IPDI 

in equivalent numbers, one gets as molar reaction volume for one NCO equivalent the value of -41.6 

cm3/mol-eq in average from all four measurements. The molar volume shrinks by about 3 % caused by the 

addition reaction. These values depend on the value of the constant K. The results of two further calcula-

tions are shown in Table 9 with the values in brackets. From molecular dynamics calculations also values of 

volume shrinkage can be derived [16]. 
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Table 9:  Calculation of the molar reaction volume ΔVR,A with regard to one molar NCO conversion from 

the data of the PCCs for the curing of formulation TS-78. 

 

  
60°C,  

PCC-1 

60°C,  

PCC-3 

70°C,  

PCC-7 

70°C,  

PCC-9 
average 

VPCC [cm³] 10.71 10.71 10.71 10.71 - 

K [bar] 18000 18000 18000 18000 - 

ΔpS = pS(te) - pS(0) [bar] -69.52 -65.8 -79.31 -56.03 - 

ΔVg = Vg(te) - Vg(0) [cm³]  

per total formulation 
-0.041364 -0.039151 -0.047189 -0.033338 -0.040261 

ΔVg/VPCC [%] -0.39 -0.37 -0.44 -0.31 -0.38 

factor [g/g] 8.614 8.614 8.614 8.614 - 

ΔVg-sc. [cm³]  

per HTPB+IPDI only 
-0.3563 -0.3372 -0.4065 -0.2872 -0.3468 

ΔVg-sc./VPCC [%]  

per HTPB+IPDI only 
-3.33 -3.15 -3.80 -2.68 -3.24 

Vmol [cm³/mol-eq] 

HTPB+IPDI only 
1373.14 1373.14 1373.14 1373.14 - 

NCO equiv.-nu. [mol-eq] 0.00834315 0.00834315 0.00834315 0.00834315 - 

ΔVR,A [cm³/mol] per NCO 

(with K = 14000 bar) 

(with K = 21000 bar) 

-42.7 

(-54.9) 

(-36.6) 

-40.4 

(-52.0) 

(-34.7) 

-48.7 

(-62.6) 

(-41.8) 

-34.4 

(-44.3) 

(-29.5) 

-41.6 

(-53.4) 

(-35.6) 

ΔVR,A/Vmol [%] per NCO 

(with K = 14000 bar) 

(with K = 21000 bar) 

-3.1 

(-4.0) 

(-2.7) 

-2.9 

(-3.8) 

(-2.5) 

-3.6 

(-4.6) 

(-3.0) 

-2.5 

(-3.2) 

(-2.2) 

-3.0 

(-3.9) 

(-2.6) 
 

The Arrhenius parameters obtained are compiled in Table 10 and compared with literature data. Data from 

curing catalyst containing systems and without catalyst are given. The chemical structures of two typical 

curing catalysts can be seen in Fig. 18 and Fig. 19.  
 

       
 

Fig. 18:  Chemical structure of FeAA, iron(III) acetylacetonate or tris(acetylacetonato) iron(III). 
 

 
 

Fig. 19:  Chemical structure of triphenylbismuth(III). 
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The agreed mechanism of a curing catalyst is that it first reduces the activation energy and /or second en-

hance the pre-factor. This is well illustrated by the work in [15] and some selected data are given in Table 

10. For a substance to be named as catalyst one criterion is that it should be effective in small concentra-

tions. The consequence is that a limiting value of reduced activation energy Ea is reached with increasing 

catalyst concentration. This can be seen in the Fig. 20 and Fig. 21. The data of [15] are taken and described 

with two parametric models. The first model is a sum of two exponentials, Eq.(45), which can describe 

nearly always such data course behaviour as shown by the catalyst action on the activation energy reduc-

tion. With this description, the low limit for Ea is found as 58.7 kJ/mol. The other model is shown in 

Eq.(36). It is related to the expression of a second order reaction and gives a more reasonable behaviour of 

the Ea course for higher catalyst concentrations. The limit value for Ea is found as 60.8 kJ/mol. 

 

Table 10: List of Arrhenius parameters of the urethane formation under different conditions and from dif-

ferent formulations, TS-07, AV00, TS-38, TS-44, TS-78. 
 

Ea [kJ/mol] lg(Z[1/d]) 
temp. range 

[°C] 

curing catalyst, 

conc. [mass-%] 
system reference 

63.3  1.6 
10.354  

0.25 

Isothermal in 

HFMC 

60, 70, 80 

- HTPB-E305 
This work 

TS-07 

61.4  4.4 
10.081  

4.1 

Isothermal in 

HFMC 

70, 80, 90 

TBP, 0.04 HTPB-IPDI 
[9] 

AV00 

      

62.8  2.7 
10.468  

0.37 

Dynamic by 

DSC 

22 to 220°C 

TPB, 0.02 HTPB-IPDI 
[1] 

TS-38 

63.0  0.46 
10.552  

0.06 

Dynamic by 

DSC 

22 to 220°C 

TPB, 0.02 HTPB-IPDI 
[1] 

TS-44 

      

59.6  2.0 
10.569  

0.3 

PCC 

60°C, 70°C 
TPB, 0.02 HTPB-IPDI 

This work 

TS-78 [5] 
      

73 12.024 

Dynamic by 

DSC, 5°C/min 

22 to 200°C 

- HTPB-IPDI [15] 

63.0 12.024 

Dynamic by 

DSC, 5°C/min 

22 to 200°C 

FeAA, 0.02 HTPB-IPDI [15] 

61.1 12.024 

Dynamic by 

DSC, 5°C/min 

22 to 200°C 

FeAA, 0.2  HTPB-IPDI [15] 

60.2 12.024 

Dynamic by 

DSC, 5°C/min 

22 to 200°C 

FeAA, 0.5 HTPB-IPDI [15] 

 

Other DSC evaluations were performed with the binder formulations TS-38 and TS-44 [1], based on 

HTPB-IPD, DOA as plasticizer and the antioxidant VulkanoxTM BKF. As curing catalyst, TPB was used in 

both formulations. The evaluations were achieved with a generalized Kissinger equation. This Eq.(47) cor-

relates peak maximum temperature TP (in Kelvin), conversion P up to peak maximum and heat rate h with 

the rate expression for a reaction of nth order, using the Arrhenius expression for the rate constant, Eq.(48). 
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Only the peak maximum temperature TP is considered a function of heat rate h. Generally, the Kissinger 

evaluation can be applied, when ‘simple’ reactions are considered, means reactions with only one reaction 

step. The results are shown in Fig. 22 and Fig. 23 as Kissinger plots. From Table 10, one recognizes that the 

catalysed curing reactions of HTPB-IPDI all have activation energies in a narrow value range. The pre-

exponential factors differ between the groups (this work and [15]). The cause could be the interference of 

the kinetic compensation effect, which was quite pronounced in the data of [15]. Some correction were 

made but probably the Z-factor is still too high. The uncatalyzed curing of TS-07 has a relatively low acti-

vation energy compared with the assigned value of 73 kJ/mol in [15]. A reason may be the different isocya-

nate types. 
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Fig. 20:  Course of activation energy of the urethane formation as function of the concentration of curing 

catalyst FeAA. Parametric description is made by a double exponential function. Data from [15]. 
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Fig. 21:  Course of activation energy of the urethane formation as function of the concentration of curing 

catalyst FeAA. Parametric description is made by an equation for a formal reaction of second order. Data 

from [15]. 

 

 
Fig. 22:  Generalized Kissinger evaluation of curing reaction of binder formulation TS-38 [1] using DSC 

thermograms obtained at five different heat rates. Reaction of second order and conversion at peak maxi-
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mum P = 0.62. TS-38 comprises of HTPB-IPDI (Req = 0.869), 25 mass-% DOA, 1.53 mass-% Vul-

kanoxTM BKF and 0.02 mass-% (phr) TPB. 

 

 
Fig. 23:  Generalized Kissinger evaluation of curing reaction of binder formulation TS-44 [1] using DSC 

thermograms obtained at five different heat rates. Reaction of second order and conversion at peak maxi-

mum P = 0.62. TS-44 comprises of HTPB-IPDI (Req = 0.869), 25 mass-% DOA, 1.53 mass-% Vul-

kanoxTM BKF and 0.02 mass-% (phr) TPB. 

 

 

6. Summary and conclusion 
 

The curing reaction between pre-polymer HTPB and isocyanate, which forms a polyurethane, is a bimolec-

ular reaction or a reaction of second order between the OH groups of HTPB and the NCO groups of the 

isocyanate. Here the isocyanate was DesmodurTM E305, which is a chain-elongated HDI. This means both 

isocyanate groups are equal and have equal reactivity. Also the OH groups of HTPB can be treated as of 

equal reactivity, most of them are primary HO-CH2 groups [17]. Because the reaction is straight forward, 

the basic second order reaction with the corresponding rate equation is used, whereby a difference in start 

concentration between NCO and OH groups is incorporated, which corresponds to the most real cases in 

formulating rocket propellants. The normalized reaction rate constant of a second order reaction depends on 

the initial concentration of the leading reactant (minor component), here the NCO concentration. The curing 

reaction of HTPB-isocyanate starts immediately after adding the isocyanate to the polyol component – this 

is the case with every second order reaction also as epoxide curing. The curing reaction can increase in 

complexity by high heat output and / or by autocatalytic effects and / or by side reactions of the curing 

agent. With the urethane formation, no autocatalysis happens. But the unreacted isocyanate can react with 

the urethane group to form allophanate species and these can further react with isocyanate to biuret. These 

reactions take place if one uses normal alcohols. It is assumed that with polymeric alcohols as HTPB these 

consecutive side reactions are of minor importance, especially when NCO is the minor component. 
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On the one hand curing reaction was followed by heat flow microcalorimetry, which determines the heat 

generation rate dQ/dt. The kinetic model has to be developed to describe directly this quantity. A problem 

with second order reaction is that the start time of the reaction and the one of usable measurement data is 

firstly in most cases not coinciding and secondly the begin of usable measured data is often delayed, be-

cause of equilibration effects or of the time necessary to homogenize the reaction mixture. Further prepara-

tion times may add before the measurement can even be started. Microcalorimetry is a good method to fol-

low curing, because one gets firstly the kinetic information and secondly the thermodynamic one as heat or 

enthalpy of reaction. It is sensitive enough to obtain also at lower temperatures useful data with high signal 

to noise ratio. However, because of the always present difference between start of the measurement and 

start of the curing reaction the information on the reaction heat is incomplete. Moreover, even the kinetic 

parameters may be determined wrongly, if not special precautions are taken to include by reconstructing the 

lost part of the reaction in the beginning. Indeed, a solution was found, which makes it possible to recon-

struct from the measured course the missing part of the dQ/dt curve. Moreover, the pre-handling before the 

measurement can be included, which resets the start of the modelling to the point, where the isocyanate is 

added to the pre-mix. 

 

The kinetic data obtained from the modelling of the curing of the binder formulation TS-07 deliver an acti-

vation energy of about 63 kJ/mol. This is in agreement with DSC measurements at several heat rates to fol-

low the curing of similar binder formulations, on the base HTPB-IPDI. The heat of reaction was determined 

to about 100 kJ/mol. This is in agreement to former investigations and also with literature data. But in com-

paring literature data, special care must be taken to find out, if the measurement has included the complete 

curing and what measurement method was used. For example in following the isocyanate curing reaction 

with DSC, a lot of the reaction has already happened before any recordable signal in the DSC thermogram 

is occurring. This means that DSC investigations have determined mostly to small values for the heat of 

reaction. In using the so-named Kissinger evaluation one should take the generalized form, means the one, 

which considers the reaction order. The usual Kissinger expression is valid only for a simple reaction of 

first order. 

 

Another method to follow the cross-linking reaction between polyol and polyisocyanate is based on the 

volume shrinkage caused by this reaction. The reaction mixture is filled in a closed volume under slight 

overpressure and the system pressure decreases with the conversion of the reaction. The reaction kinetic 

results fit well to the ones obtained with the thermoanalytical methods. 
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7. Appendix 
 

7.1 Reaction types of isocyanate 
 

The following Fig. A1 to A2 show schematically the reactions of isocyanate with an OH-compound to ure-

thane, from there to allophanate and from there further to biuret. In Fig. A1 also the formation of the com-

plex AB* between NCO-group and alcohol is shown. The kinetic formulation is shown in Eq.(A1) to 

Eq.(A3). The corresponding reaction rate systems are given in Eq.(A4) up to allophanate and in Eq.(A5) up 

to biuret. If one would use such extended modelling to describe the curing, then one needs the experimental 
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information on the time courses of A, B and AB or even up to AAB to apply Eq.(A5). This solving is 

achievable only by numerical integration and to get the reaction rate constants as fit parameters the full data 

information on A, A and AB is needed. Obviously, this is not always achievable and with measurements 

like heat generation rate, which are ‘global’ or summing-up over all reactions, only a simplified description 

or modelling is possible. 
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Fig. A1:  Left. Complex formation between alcohol and NCO group. 

Right: Urethane formation by addition of isocyanate to alcohol.  
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Fig. A2:  Left: Allophanate formation by addition of isocyanate to urethane.  

Right: Addition of isocyanate to allophanate forms biuret. 

 

 

7.2 Reaction schemes with consecutive isocyanation  
 

In the following equations, the reactant symbols have the meanings: 

A = NCO 

B = OH 

AB = urethane 

AAB = allophanate 

AAAB = biuret 

AB* = complex between R-NCO and R‘-OH 

 

AB  k  BA 21            (A1) 
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AAB  k  ABA 22           (A2) 

 

AAAB  k  AABA 23           (A3) 

 

Sometimes the reaction scheme comprising Eq.(A1) and Eq.(A2) are named autocatalytic. This is wrong. 

To have a real autocatalytic reaction course the second reaction, here Eq.(A2), would have to form the same 

product again, which has opened this reaction. This is not the case here. The character of this reaction sys-

tem is consecutive, not autocatalytic. 

 

 

Without reaction Eq.(A3): 
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      (A4) 

 

All three reactions Eq.(A1) to Eq.(A3): 
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    (A5) 

 

 

 

7.3 Reaction schemes with intermediate complex AB*  
 

In the literature the reaction scheme Eq.(A6) + (A7) can be found. The alcohol or OH component is activat-

ing the NCO group by forming an addition complex. Then a second alcohol molecule is finally reacting 

with the NCO group to urethane and the first alcohol molecule is released. One can reduce this reaction 

scheme to the one shown in Eq.(A9) + (A10) which shows only the intermediate complex AB*. The analyt-

ical integration of Eq.(A8) is not achievable. The reaction rate equation system Eq.(A11) can be integrated, 

but the solution is not handsome, because it contains integrals to be solved numerically for AB and AB*. 

The solution of A is the same as given above in Eq.(7). This means one has also in this case a reaction of 

second order. 
 

*ABkBA 21            (A6) 
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BABk*ABB 22            (A7) 
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*ABkBA 21            (A9) 
 

ABk*AB 22            (A10) 
 

)t(*ABk
dt

)t(dAB

)t(*AB22k)t(B)t(Ak
dt

)t(*dAB

)t(B)t(Ak
dt

)t(dB

)t(B)t(Ak
dt

)t(dA

22

21

21

21









       (A11) 

 

 

7.4 Further aspects to be considered 
 

The situation is further complicated, in that the polyisocyanate may have NCO groups of different reactivity 

and also of different sterical arrangements and therefore sterical hindrance. The often used IPDI (isopho-

rone diisocyanate) has such complications in that the two NCO sites have different reactivity, see Fig. A3.  
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Fig. A3: Four conformers of IPDI (isophorone diisocyanate) resulting from different conformational posi-

tions (a = axial, e = equatorial) of the two NCO groups. In commercial IDPI mostly conformers 2 and 3 are 

present in a ratio 75:25 [18]. The uncatalyzed reactivity ratio of the two NCO groups is about 5.5 for ring-

NCO to CH2-NCO. With catalysts, the reactivity can be equalized or even reverted [18]. 

 

Further, with IPDI one has formally to consider four sterical conformations, but in practice only two are 

present in the product. HDI (hexane diisocyanate) is symmetrical; both NCO groups have the same reactivi-

ty. But if one NCO group has reacted the other may be reduced in reactivity by reduced diffusional mobili-

ty. 

 

For isophorone diisocyanate one can use the following reaction kinetic description. Start is the description 

of the reaction of the two isocyanate groups, Eq.(A12). The reactivity of all OH groups of the polyol is seen 

equal. Each NCO group forms an own urethane. Note that not the formation of the network is followed by 

the kinetic methods, but the formation of urethane groups. Because the two NCO groups are fixed together 

in one molecule, the relations Eq.(A13) to A(15) hold. The formation of total urethane groups is according 

to Eq.(A16). 
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The total number of urethane groups is obtained by Eq.(A16): 

 

)t(BA)t(BA  )t(AB 21           (A16) 
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)t(A)t(A)0(A)0(B  )t(B 21   
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The formulation of the model follows the way described above. Two reaction rate equations are obtained, 

see Eq.(A18). They are coupled via their competition on the polyol B, here already substituted by the rela-

tion between A1, A2 and B, given in Eq.(A17). These two rate equations cannot be integrated to an analyti-

cal expression for A1,r(t) and A2,r(t). They must be solved by numerical integration and subsequent fit to the 

experimental data in order to determine the two rate constants. For this, both the concentration decreases of 

the two NCO groups must be measured. 
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Additionally when the viscosity gets higher, the bimolecular reactions become diffusion controlled, at least 

from the so called gel point on. The gel point is best determined by a liquid state rheometer in oscillatory 

mode. It is defined as the crossing of storage shear modulus G’ and loss shear modulus G’’ with curing 

time.  

 

8. Abbreviations 
 

Al aluminum 

AO antioxidant 

AP ammonium perchlorate 

BKF antioxidant VulkanoxTM BKF, Bayer Material Science, Germany 

DAG Druckaushärtegefäß, same as PCC 

DBST 
Dual bond stress and temperature sensor; measuring pressure and tempera-

ture; product of Micron Inc., Simi Valley, CA, USA 

DOA dioctyl adipate, plasticizer 

DSC Differential Scanning Calorimetry 

E305 
NCO curing agent based on HDI elongated by short polyether chain; 

DesmodurTM E305, Bayer Material Science, Germany 

HDI NCO curing agent, hexamethylene diisocyanate or hexane diisocyanate 

HFMC 
Heat Flow MicroCalorimetry; the instruments of type TAMTM are such devic-

es to measure heat generation rate at relatively low temperatures 

HTPB R45 HTLO hydroxyl-terminated polybutadiene, type R45 HTLO 

HTPB R45 M hydroxyl-terminated polybutadiene, type R45 M 

HX 878 bonding agent for AP, from company MACH I 

IPDI isophorone diisocyanate, NCO curing agent 

IrganoxTM 565 antioxidant 

phr 

parts per hundred rubber; means to a basic composition with already; 100 

mass-% of several ingredients are given; some additives are added in mass-%; 

the total composition adds then up to more than 100 mass% 

PCC Pressure curing cell, same as DAG 

Req 
equivalent ratio NCO/OH in equivalents with regard to functional groups; 

Req = A(0)/B(0) 

TPB triphenyl bismuth, curing catalyst 
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TS-07 investigated formulation manufactured at ICT [1] 

TS-38 investigated formulation manufactured at ICT [1] 

TS-44 investigated formulation manufactured at ICT [1] 

TS-78 investigated formulation manufactured at ICT [1, 5] 

VulkanoxTM BKF antioxidant, same as BKF 

TAMTM 
Thermal Activity Monitor, heat flow microcalorimeter (HFMC), 

trade-mark of TA Instruments, Newcastle, Delaware, USA; 

  

(-HR,A) 
molar enthalpy of reaction; negative sign converts exothermal values to posi-

tive ones, with respect to molar conversion of reactant A 

VR,A 
molar volume of reaction, molar reaction volume, with respect to molar con-

version of reactant A 

A degree of conversion of reactant A 

P degree of conversion at peak maximum in DSC thermograms 

QR,A 
molar heat of reaction; in value very nearly equal to enthalpy of reaction for 

polyaddition reaction, with respect to molar conversion of reactant A 

A(0) start concentration (molar) of isocyanate 

B(0) start concentration (molar) of OH 

dQ/dt 
generated heat rate or heat generation rate (HGR), in µW/g 

here originating from the reaction between R-NCO and R’-OH 

dQoff heat generation rate not originating from investigated reaction 

Ea activation energy in Arrhenius expression 

h heat rate applied in DSC 

k2 bimolecular reaction rate constant in 1/time/concentration 

k2A normalized bimolecular reaction rate constant in 1/time 

lg(x) decadic logarithm of x (logarithm to base 10) 

n reaction order of simple reactions (means not composed reactions) 

Q heat generation, obtained by integration of dQ/dt over time 

Q(te) generated heat at the end of measurement at time te in J/g 

Qde generated heat from time td to time te 

R general gas constant; R = 8.31441 J/mol/K 

R2 standard correlation coefficient (COD, coefficient of determination) 

SD2 squared standard deviation 

T temperature in Kelvin 

td start time for data used in modelling 

te 
end time of measurement or data evaluation; 

ideally time te is so long that not further changes in data is observed 

TP temperature at peak maximum in DSC thermograms, in Kelvin 

tP total pre-handling time, before start of the measurement 

Z pre-exponential factor in Arrhenius expression 
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HNS Critical Thickness Reactive Burn Modeling
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ABSTRACT

The critical thickness experiment at Sandia National Laboratories (SNL) has been used extensively to
measure the 2-dimensional critical thickness of micro-energetic materials. A major benefit of such an
experiment is the ability to capture the failure thickness, and the velocity deficit for explosives at physical
dimensions much smaller than is possible with traditional production methods. Experimental results also
represent a unique data set that can be used to calibrate a reactive burn model. Both the failure thickness,
and the transient velocity of hexanitrostilbene (HNS) obtained from critical thickness experiments have
been used with the History Variable Reactive Burn (HVRB) and Arrhenius Reactive Burn (ARB) models
to simulate failure and near-failure performance. Optimized parameters were found for both models, with
HVRB velocities being much too high. Because of the unstable nature of reaction and detonation near the
failure thickness, single term Arrhenius models have difficulty in matching both the steady state, and
failure condition, however the agreement was satisfactory.

Introduction

Transient detonation experiments such as the wedge test have been used to great effect over the
years to calibrate reactive burn models to allow for modeling detonation transition behavior.1-3 Pop-plots
of run distance to detonation vs. shock pressure are an extremely convenient data set, allowing for
optimization of computational model parameters to achieve agreement. These same models can then be
used to investigate the opposite side of the ignition threshold, failure. The processes that govern failure
are the same physical processes governing the transition to detonation, so the goal is to achieve good
agreement in both scenarios. For explosive detonation at small length scales (~200 µm), only recently
have techniques been developed for measuring critical parameters in cylinders or channels,4-5 and there
remain many explosives to be tested. Additionally, these new experimental techniques are still being
developed, so detonation velocity and failure diameter/thickness are the main measurements conducted.

The Detonation Critical Thickness (DCT) experiment at Sandia National Laboratories has been
used to study the detonation behavior of many explosives at length scales below the critical diameter
measured with high aspect ratio cylindrical charges.6-8 The experiment is able to capture, for explosives at
various densities, the change in detonation velocity with thickness, and the critical thickness below which
detonation is not sustained. By establishing the infinite width threshold, the detonation wave varies only
in the thickness direction. The goal of this research is to determine the optimum calibration for both ARB
and HVRB reactive burn models based on critical thickness data, and compare their prediction of
detonation/ignition features.

Experimental

The critical thickness experiment6-8 consists of two parallel tracks of explosive, patterned through
shadow masks and subsequent physical vapor deposition. Adjacent to the initial portion of test explosive
are previously deposited tracks of pentaerythritol tetranitrate (PETN) that serve as the explosive driver. In
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this experiment, single tracks were employed, and HNS films were deposited onto polycarbonate
substrates at 10 C and 45 C, which produced films with densities of 1.58 g/cc and 1.5g/cc respectively.
Along each track are equally spaced optical fibers that are used as a time stamp for shock arrival, and for
calculation of the detonation velocity (see Figure 1). Simultaneous streak camera imaging and optical
fiber analysis produced excellent agreement, and the data modeled in this study were obtained solely
through optical fiber measurements.8

Figure 1: Photograph of the critical thickness experiment with two deposited lines of explosive (single lines were used in this
study).

The plot shown in Figure 2 contains the densities and thicknesses that have been measured. The
data indicate several features, 1) the velocities measured for the thicknesses chosen place the material in
the velocity deficit region of the critical thickness curve, 2) the decrease in velocity as thickness decreases
appears to be fairly linear, and 3) failure occurred at thicknesses near 200 µm. Additional qualitative
data of substrate dent tracks showed a crosshatch pattern for samples near the critical thickness
that was not present in thicker samples.
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Figure 2: Detonation velocity vs. thickness for different density HNS films along with measured velocity from 1mm diameter
samples9 .

Modeling

The critical thickness experiment was modeled using CTH, a multi-material, large deformation
solid mechanics code developed at Sandia National Laboratories.10 For this first phase of modeling, a
two-dimensional domain was assumed (infinite width in the image plane), as scaling of experiments
indicated that increased HNS widths beyond 1.6 mm would not result in changes to the detonation
velocity at the largest HNS thicknesses. Different HNS thicknesses were simulated as part of the
optimization. As shown in Figure 3, the computational model includes the pentaerythritol tetranitrate
(PETN) driver, uniform density HNS test explosive, and a polyethylene substrate and cover, and
surrounding air. A fixed square mesh was used with cell dimensions of 4 x 4 µm. A CTH library material
model was used for polyethylene, and this will soon be replaced with a user defined polycarbonate EOS.
The HNS equation of state (EOS) was parameterized from HNS DFT-MD simulations using a variable
specific heat Mie-Grüneisen model.11-12

Figure 3: Image of computation domain. grey=HNS, dark brown = high density PETN, light brown = low density PETN,
violet=polyethylene.
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While average densities of PETN are recorded, previous work suggests that a density gradient
exists in vapor-deposited PETN as evidenced by higher-than-expected detonation velocities.8 The density
gradient arises from grain growth during the deposition process, resulting in porosity due to self-
shadowing.13 In addition to the density gradient that evolves during deposition, the initial substrate
temperature and cooling capacity during deposition can affect the density of the PETN as evidenced by
detonation velocity differences from different deposition conditions.7 For deposition on fused silica,
densities range from 1.7 g/cc near the substrate, to 1.38 g/cc far from the substrate. Characterization of the
density gradient was carried out by measuring the density at different stages of deposition. Each
subsequent layer density was calculated from previous layer densities and thicknesses. In this manner, the
density map from Table 1 was determined. Because the PETN deposited on polycarbonate is still being
characterized, the known density gradient of PETN on fused silica was used in this model. Two methods
were attempted for modeling the PETN driver material, 1) existing Pop-plot data14 were used to calibrate
HVRB models for 4 densities, and 2) the driver was divided into two sections that matched the bulk
density, and programmed burn was used. The results for the second approach represent a more complete
data set at this point in time, and so the results shown will be from that configuration.

Table 1: Densities for different thicknesses of deposition PETN on fused silica. The left columns show the total average density,
and the right columns show range specific densities.

Thickness Range (µm) Density (g/cc) Thickness Range (µm) Density (g/cc)
0-6 1.734 0-6 1.734

0-37 1.678 6-37 1.667
0-117 1.500 37-117 1.417
0-488 1.407 117-488 1.377

Results and Discussion

Simulation runs using the model as described were automated using Dakota,15 a multilevel
parallel object-oriented framework for design optimization, parameter estimation, uncertainty
quantification, and sensitivity analysis. For the set of computations presented in this study, the 91% TMD
data from Figure 2 were used. A pattern search method was used for parameter variation, and the
optimization objective used was the root-mean-square error (RMSE) of the simulated detonation
velocities. Starting with an initial guess from Kipp and Setchell for ARB,16 and CTH library parameters
for HVRB, the optimization program varied the chosen model parameters until a minimum of the RMSE
was reached. After finding the best fit parameters to the data points, the model parameters were fixed at
those values, and the thickness of HNS was decreased in the model until the driver and HNS thickness
combination failed to achieve a run up to detonation in HNS. The experimental and simulation detonation
velocities for ARB are shown in Figure 4, along with the measured and predicted failure thickness. While
the trend in detonation velocity with thickness is matched very well, the failure thickness is predicted to
be much lower than was measured in experiments. This difference may be due to the instability of
propagation near the critical thickness. Experimentally, overdriven detonation occurs but is not sustained
at the critical thickness, and the uncertainty in that thickness is much greater than in thicknesses where
steady detonation is always achieved. HVRB predicted velocities were much too high, and not sensitive
to parameter variation. Due to the high velocities, predicted failure thicknesses for HVRB were not
calculated, however thicknesses as low as 80 µm were observed to propagate in simulations.
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After optimizing the burn model parameters for thicknesses in the velocity deficit region, 1D
simulations were run to verify that the “infinite thickness” detonation velocities matched experimental
values. Experimental values for HNS detonation velocities near 91% TMD range from around 6.7 to 6.95
km/s. The ARB simulation had a detonation velocity of 6.87 km/s, and the HVRB simulation showed a
velocity of 6.76. While these numbers differ by a small amount, they are in the expected range. The
ability of ARB to match more closely the deficit in velocity is likely due to the fine scale nature of the
heterogeneities in HNS, resulting in more homogeneous initiation behavior that is better modeled with
Arrhenius kinetics. Due to the homogeneous behavior of HNS, an abrupt failure boundary is expected, as
opposed to a more gradual roll off typical of heterogeneous behavior, and so it will likely be difficult to
match exactly experimentally measured critical thickness.

While the agreement with the effect of thickness on the velocities is promising, and the disparate
critical thickness values are expected due to the homogeneous nature of HNS and the instability near
failure, there is still work to be done on the model. One weakness is that the driver model still does not
have the required fidelity to produce the desired predictions of critical thickness. Deposition on
polycarbonate may result in a different density profile than on fused silica, and work is currently ongoing
to characterize PETN on polycarbonate. Also, the two component, and possibly even a four component
driver model, may not represent with enough accuracy the actual interface state. To address this concern,
a more complete driver model based on up to date polycarbonate/PETN data, and a more finely graded
discrete representation of PETN, is the next step in the progression of this failure model. Similarly, HNS
deposition results in a density gradient as well, albeit less pronounced than in PETN, and this will be
included in future efforts as well. It may also be the case that a single rate law burn model should not be
expected to match all observable transient phenomena (corner turning, velocity deficit, failure thickness,
time/distance to detonation) with a single set of model parameters. Often the workaround to this issue
involves the modification of burn parameters to match the desired data set3 or modification of the burn
model itself to include the desired behavior.17 Both the velocity deficit and the failure to initiate are both
thickness dependent, and likely due to wave curvature at interfaces. For this reason, it is believed that a
single model calibration matching both phenomena is achievable. The current parameters arrived at
through optimization do not likely represent a unique solution, and further efforts will be aimed at
exploring the details and sensitivities of the models in the critical thickness regime.

Figure 4: Plot of experimental and simulated steady state detonation velocities vs. HNS thickness. Also shown are the predicted
and measured critical thickness.

Conclusion
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Data from the critical thickness experiment for HNS were simulated with the ARB and HVRB
reactive burn models. The Dakota optimization package was used to optimize the burn model parameters
to match experimentally measured velocity vs. thickness data. While a minimum in the error objective
were found for HVRB, the set of parameters did not result in sufficient agreement to either the failure
thickness, or the velocity vs. thickness. A set of parameters were found for ARB that matched velocity vs.
thickness very well, with a predicted failure thickness that was reasonable. The improved agreement using
ARB is attributed to the homogeneous nature of deposited HNS. Future efforts will focus on increasing
the fidelity of the PETN driver model with expected characterization data.
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CHARACTERIZATION OF ANFO USING AQUARIUM TEST
AND NUMERICAL MODELING METHODS

Eduardo Lozano1, Vilem Petr2
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Abstract

ANFO (ammonium nitrate/fuel oil) has found wide use in coal mining, quarrying,
metal mining, and civil construction in undemanding applications where the advantages of
ANFO's low cost and ease of use matter more than the benefits offered by conventional
industrial explosives. However, because of this type of explosive is highly non-ideal, its
detonation process poses great challenge. This work is focused on the development of a
model for predicting explosive power and performance from the detonation of ANFO using
an Euler-Lagrange model in AUTODYN. This model was calibrated through experimental
aquarium test where the front curvature, reaction zone structure and front velocity were
measured using High Speed Imaginary. Good agreement is observed between the simulation
and experiment, which indicates that the proposed method performs well in prediction of
behavior of ANFO and having important applications in its effective use.

Keywords: High explosive, non-ideal, velocity of detonation, aquarium test, Autodyn.

1. Introduction

Non-ideal explosives are categorized as explosives that release some of their energy after the
passing of the detonation front. In this situation, the detonation zone has a non-negligible
volume and experiences interesting phenomena that may not be observed in an ideal
explosive. A common non-ideal explosive is ammonium nitrate with fuel oil (ANFO). Since
ANFO is a non-ideal explosive, studying the propagation of detonation of the ANFO can
provide insight into effects not highly known.

Numerical modeling constitutes one powerful tool in the analysis of non-ideal detonations
and provides us with unique data which is highly difficult to obtain through experimental
methods. This article presents numerical simulation of the underwater explosion of an ANFO
cylinder using a two dimensional model of ANSYS-Autodyn explicit software for nonlinear
dynamics. However, because of this type of explosive is highly non-ideal, its detonation
process poses great challenge for accurate numerical modeling.

For this reason, AXPRO Group decided to conduct experimental testing of ANFO charges
using its high fidelity detonation physics laboratory and providing valuable data in order to

1 Eduardo Lozano, AXPRO Group, Colorado School of Mines, 1600 Illinois Street, Brown Building, Room 129,
Golden, Colorado 80401, jlozanos@mines.edu.
2 Vilem Petr, AXPRO Group, Colorado School of Mines, 1600 Illinois Street, Brown Building, Room 120,
Golden, Colorado 80401, vpetr@mines.edu.
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better understand the detonation process and calibrate the numerical model. This testing will
consider different parameters such as charge size and confinement due to their influence on
the detonation behavior of non-ideal explosives [1]. This study will improve our
understanding of non-ideal explosives, in general, and ANFO, in detail.

2. Experimental testing

In the experiment discussed in this paper, the detonation velocities along with the area of the
detonation zone are analyzed. This experiment was done using a cylindrical charge of ANFO
placed inside an aquarium in order to develop a detailed study about the detonation physics of
this non-ideal explosive.

2.1 Test Setup

The overall setup consists of a water-filled aquarium placed in the center of the test pit at the
AXPRO Explosives Research Laboratory at Idaho Springs, Colorado. The high-speed camera
used will be protected from the blast through placement in a blast-resistant hut. To avoid
damage to the camera, it will not be looking at the aquarium directly, but instead, a mirror
will be placed so that the camera can view the events indirectly.

The main ANFO charge was created on-site the day of the test for avoiding transportation
risks and storing time. For this charge, the minimum density desired was 0.85 g/cc. To
achieve this density, the plexiglass cylinder was measured and divided into three equal-in-
length sections to monitor the density of the charge as the cylinder was being loaded with
ANFO. To measure the density, the mass of the added ANFO was measured using a scale,
and then the volume of the charge was calculated. The weight of the cylinder was 2.75 kg,
but the scale was zeroed with the cylinder on top of it in order to avoid subtracting out the
mass of the cylinder each time. Error! Reference source not found.1 shows the dimensions
of the plexiglass cylinder and charge. The image from the camera has refraction effects
associated with it, so the thickness of the wall of the cylinder is enlarged.

The HFMDPL Exploding Bridge Wire (EBW) firing system was used for initiation of the
EBW detonator.  An Austin White Cap Booster was used between the EBW and the main
charge. The inner length of the plexiglass cylinder was 36.125” long, but as a booster
weighing 1.35 kg with a non-negligible volume was going to be added to the top of the
ANFO column, the ANFO column needed to stop before the top of the cylinder. For this
reason, it is 34.5” long. However, since the equal sections were already measured out at 12”,
the last section needed to be stopped before the end. As long as the density and total mass
were correct, this early stoppage would not be a problem.

As the first section was being loaded, to ensure more tight packing, pressure was applied to
the ANFO. After the first section being loaded with 6.5 kg, the density was 0.87 g/cc. The
second addition was 6.4 kg, bringing the total mass to 12.9 kg and the overall density to 0.86
g/cc. This addition also received applied pressure, but not as much as the first. The last
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addition brought the total mass of the ANFO to 18.4 kg, only a 5.5 kg increase. However, as
the last addition did not take up as much volume as the previous two, the density remained at
0.86 g/cc. With the ANFO and the Booster loaded, the total mass of the charge was 19.75 kg;
with the cylinder, the mass was 22.5 kg.

shows the measured values of the charge.

Figure 1. Cross-section drawing of plexiglass cylinder and ANFO column

Weight of
ANFO

Volume of
Cylinder

Volume of
ANFO

Weight of
Booster

Weight of
Cylinder

Calculated
Loading
Density

18.4 kg 22380 cm3 21400 cm3 1.35 kg 2.75 kg 0.86 g/cc
Table I. Measured values of the ANFO charge

Figure 2 shows the aquarium setup with the charge. The glass of the aquarium is 36” in all
directions.
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Figure 2. Overall setup for the aquarium for the ANFO charge

A 32” by 32” by 24” wooden stand supported an aquarium that measured 36” by 36” by 36”.
The charges were placed into the aquarium as shown in Figure 1 and Error! Reference
source not found.2. A paper grid provided one inch fiducial markings and was mounted to
the back wall of the aquarium.

Figure 3 show the layout of the test arena.  In order to mitigate damage, concrete fragment
barriers were utilized.  This consists of 2’x2’x6’ concrete blocks stacked two or three high.
The blocks next to the camera hut were stacked two high while the blocks next to the
aquarium were stacked three high.
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The SIM camera was housed in the camera hut which viewed the test stand through a turning
mirror. The dimensions go from the camera hut to the turning mirror and then from the mirror
to the center of the charge inside the tank.

Figure 3. Arena layout diagram for ANFO test

The primary camera was the Specialized Instrument (SIM) X16 camera.  The objective for
this camera was to capture detonation velocity, shock wave information traveling through the
water, and case expansion information.

Because of the short exposure times, additional lighting was required for the SIM camera.
This was accomplished with the HFMDPL MegaSun system. Seismograph equipment was
utilized with sensors placed outside the ERL office trailer, and near the primary gate at the
school house.

There were two DG645 delay generators used.  The first one generated the master trigger
from time zero to T+100 µs and went from zero volts to five volts and was used to trigger the
second delay generator.

For the second delay generator, Channel AB was set to make a 1 us wide pulse at T+10 µs.
Channels CD, EF, and GH were all set to make 1 µs wide pulses at T+100 µs.  Channel AB
was used to trigger the MegaSun, Channel CD was used for the firing system, and Channel
EF was used to trigger the SIM camera.  All of these channels made pulses that start at zero
volts with a pulse height of five volts, except the rear output which was fixed at 30 Volts.
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Scope 1 was set to record 200 µs of data while scopes 2 and 3 were set to record 400 µs of
data, sampled every 0.2 ns.  Channel 1 of each scope was used to record the dual pulse signal
generated by the rear T0 output of delay generator 1.  This was done to verify timing and
synchronization.  This signal was also used to trigger all scopes on their AUX inputs.
Channels 2, 3, and 4 of the first scope were used to record the AB, CD, and EF outputs of the
second delay generator. Channel 2 of the second scope recorded the signal from the
photodiode which was placed in the arena to acquire the total light generated by the test
event.  This light was purposely acquired indirectly to prevent the photodiode from
saturating.  Channel 4 of the second scope was used to record the timing output signals of the
ultra-high-speed camera.

2.2 Test Results

The results shown will mainly focus on the detonation zone and the changes observed. As the
data will show, the detonation zone had a varying area and varying front and back detonation
velocities. It is important to note, however, that the areas presented in this analysis are just
the two dimensional areas as seen through the captured images. Although the areas are not
surface areas, these areas are still representative of the effects within the charge and the
detonation zone. Also, the times listed are times from the start of the detonation.

To compare the following results to a picture of what is happening, at earlier times, the
detonation is happening higher in the charge column while the later times are when the
detonation has propagated into the lower portion of the charge.

The detonation zone had a time varying area. The image data will be presented in frames, but
the analysis will depend on the absolute time of each frame. The ANFO data will begin at
100 microseconds.
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Figure 4. Different frames during the detonation process.

The first usable frame that had a full detonation zone was frame 4 at 125.989 microseconds.
Figure 5 shows the total area of the detonation zone for the ANFO test, and Table II shows
the measured values.
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Figure 5. Area of detonation zone of ANFO test as measured in pixels

Time (us) 126.0 134.7 143.3 152.0 160.6 169.3 178.0 186.6 195.3 204.0 212.6 221.3

Area (px) 13424 13988 13683 12857 12130 15717 15583 13458 17585 11912 13246 10235

Table II. Measured areas of detonation zone per frame in ANFO test

Looking at the graph, the area of the detonation zone seems to vary significantly, with a
minimum of 10235 pixels at 221.3 us, and a maximum of 17585 pixels at 195.3 us. There
does not seem to be a trend in the fluctuations as they appear random.

For the following velocity data, the measurements were all first done in pixels. Three points
were chosen along the front and back of the detonation zone. Since the detonation proceeded
vertically in the images, the horizontal positions of the chosen points did not change, only the
vertical positions, allowing only the vertical velocity to be measured. Since the change in
vertical pixels and the change in time were both known from the images, the velocity was
easily calculated in pixels per microsecond (px/us). Then, once the velocity for each of the
three points was calculated, an average was taken to find the velocity of the back and the
front of the detonation zone.
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At this point, the velocity was known in px/us, but the velocity needed to be in meters per
second (m/s). This conversion was done by finding the number of pixels in one inch. The one
inch measurement came from the fiducial grid on the aquarium. Then, with this conversion,
the velocity was known in inches per microsecond. These units were easy then to convert into
m/s. Therefore, the velocity measurements are all in m/s in the following data. It is important
to note, however, that the change in position does not happen with respect to one stationary
frame but instead with respect to only the previous frames. Finding the velocity this way
makes it possible to compare the differences between the front and back velocities from
frame to frame with the area difference from frame to frame.

The velocity of the front and back of the detonation zone is important to analyze to see how
the detonation is propagating through the charge. For an ideal explosive that has a negligible
size for the detonation front, the velocity of the front and back does not vary; however, as
ANFO is a non-ideal explosive, the velocities and their changes are important to consider.
Figure 6 shows the graph of the velocities of the front and back of the detonation zone.

Figure 6. Velocities of the front and back of the detonation zone for the ANFO test

The graph shows that both the front and back velocities vary significantly as the detonation
zone progresses through the charge. The velocity of the front seems to also vary more
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significantly that the velocity of the back. Figure 7 examines the differences between the
front and the back velocities.

Figure 7. Difference of the velocities of the front and back of the detonation zone in the
ANFO test

The difference was calculated by subtracting the front and back velocities, so a positive
difference means that the front velocity was larger than the back velocity for that time, while
a negative difference means the back velocity was larger than the front velocity. Intuitively, if
the velocity of the front is larger than the velocity of the back of the detonation zone, the
detonation zone must increase in size.

3. Numerical Simulation

The same experiment described before is performed using Autodyn.  18.4 Kg of ANFO and
1.35 kg of Booster is exploded in water and detonation velocity is being measured at different
points along the ANFO charge from the center of explosion to the end of the cylinder. The
Booster used during the testing was made of Pentolite high explosive so the same is
distribution is used in the numerical model.
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Blast in water is one dimensional in nature. One-dimensional simulation in AUTODYN can
be modelled using 2D-axisymmetric solver and with the shape of a wedge [2]. But, we use
this configuration when we are interested in the effects of an underwater explosion on the
surrounding environment. In our particular case, our objective is the study of the detonation
phenomena produced in the charge. For this reason, the experiment is setup as a 2D-
axisymmetric using the shape of a box. Furthermore, both charges (ANFO and Booster) are
modeled as Lagrange surfaces meanwhile the water is consider as Euler.

3.1 Material Properties

All materials are selected from AUTODYN material library but ANFO parameters are
calibrated according to the previous Aquarium Test and Souer et al [3] in order to represent
the behavior of this explosive with the higher level of accuracy possible. ANFO and Pentolite
have John–Wilkins–Lee (JWL) Equation of State. The JWL EOS is the most appropriate
equation used for modelling explosives and its definition is as follows (1):

= 1 − + 1 − + 																							(1)

Table III. JWL parameters for ANFO and Pentolite.

Parameter ANFO Pentolite

Reference Density (g/cm3) 8.6E-01 1.70E+00

A (KPa) 4.95E+07 5.41E+08

B (KPa) 1.89E+06 9.37E+06

R1 3.91E+00 4.50E+00

R2 1.12E+00 1.10E+00

w 3.33E-01 3.50E-01

CJ Detonation Velocity (m/s) 4.16E+03 7.53E+03

CJ Energy/Unit volume (KJ/m3) 3.48E+06 8.10E+06

CJ Pressure (KPa) 5.15E+06 2.55E+07
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The incompressibility of water in AUTODYN has been modelled using Shock Equation of
State [2]. Table III shows the parameters values used by AUTODYN to model the water with
shock EOS. Shock EOS has Rankine-Hugoniot equations for the shock jump condition can be
regarded as defining a relation between any pair of the variables (2).= + 																																																										(2)
Mie-Gruneisen form of EOS based on the shock Hugoiot (3) is used:= + − 																																																		(3)
Where,

= (1 + )[1 − − 1 ]
= 12 (1 + )

Table IV. Water Shock EOS parameters.

Parameter Water

Reference Density (g/cm3) 9.98E-01

Gruneisen Coefficient 0.00E+00

C1 1.65E+03

S1 1.92E+00

S2 0.00E+00

VE/V0 0.00E+00

VB/V0 0.00E+00

C2 0.00E+00

Reference Temperature (K) 0.00E+00

Specific Heat (J/KgK) 0.00E+00

Thermal Conductivity (J/mKs) 0.00E+00

3.2 Model Setup

An Euler Box with the original aquarium dimensions is built with a mesh size of 5 mm for
the ANFO main charge and the Pentolite booster, and 2 mm for the Plexiglass container. The
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mesh also presents a grading as we move away from the location of the charge in the
aquarium. The purpose of this mesh grading is to reduce the computational effort and
resolution time.

Then, three Lagrange parts are created. The first one models the Pentolite booster (red); the
second one the ANFO main charge (green); and the third one represents the Plexiglas
confinement. Additionally, fifteen theoretical gauges are placed along the charge in
equidistant points throughout the ANFO cylinder. This configuration is shown in Figure 8.

Figure 8. ANFO aquarium model set up.

A flow-out boundary condition is defined on the Aquarium sides. This condition simulates an
infinity water mass where the effects of shock wave reflections with the aquarium walls are
not considered. The detonation is initiated on the top of the Booster and the explosive
reaction is propagated along the booster and the main charge. The time limit is set to 0.3
milliseconds according to the experimental results showed in the previous section.

Lagrange-Lagrange interaction is involved in the calculation. We need to check the gap size
and gap type. If internal gap is used, the time step is usually calculated from the gap size
because it is the smallest. The internal gap size decreases with the decreasing cell length and
thus causes the smaller time step size so the best type of gap for our calculations will be
external gap.

Autodyn calculates a minimum gap size between the two parts when External gap interaction
is used. In this case, the minimum gap size is 0.1mm between the booster, main charge and
confinement, however, this distance is negligible for the simulation results.
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Finally, we must prevent the erosion of degenerate cells. Some regions of the Pentolite and
ANFO will detonate outside the aquarium and those regions will undergo to large cell
deformations. We are not interested in the study of those parts so we must avoid their impact
on the simulation.

3.3 Model Results

The fifteen gauges placed along the ANFO cylinder show the absolute velocity during the
simulation in different points. Figure 9 shows the gauge history provided by Autodyn. The
peak shown for each gauge represents the velocity of the detonation front when it reaches the
gauge. The purpose of using a large number of gauges is to obtain an accurate curve which
represents the variation of the velocity of detonation along the ANFO charge. This curve will
be compared with experimental results obtained in the Aquarium Test.

Figure 9 Velocity Gauge History of the ANFO main

Table V and Figure 10 show the velocity of the detonation front in different instants using the
peak values provide by the Autodyn Gauge History.
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Gauge Time (ms) Velocity (m/s)

1 3,721 0.020774

2 3,677 0.033677

3 3,752 0.04666

4 3,696 0.059422

5 3,694 0.0724

6 3,858 0.085363

7 4,017 0.09833

8 4,016 0.11123

9 3,932 0.12419

10 3,917 0.13728

11 3,888 0.1539

12 3,898 0.16349

13 3,872 0.17642

14 3,853 0.18944

15 3,831 0.20252

Table V. Velocity of the Detonation Front in ANFO.

Figure 10. Velocity of the Detonation Front in ANFO.
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The next four figures show different instants during the execution of the simulation. The
variable represented is the contour Absolute Velocity where the color gradient provides us
with graphic information about how the detonation front travels through the charge.

Figure 11. Detonation Front 0.030 milliseconds

Figure 12. Detonation Front 0.100 milliseconds
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Figure 13. Detonation Front 0.170 milliseconds

Figure 14. Detonation Front 0.200 milliseconds
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3.4 Numerical Model Validation

The validation of the data requires comparing the results obtained by the experimental
aquarium test and the numerical model. Figure 15 shows different values of the Velocity of
Detonation measured for the aquarium test and the Autodyn simulation. We must consider
that several physical effects, such as shock waves reflection within the aquarium or charge
package, are obviated in the numerical model. Also, the Aquarium Test just provided us with
values from the second half of the cylinder, so no experimental data is available for the first
part of the charge.

The experimental aquarium test is represented by its exponential regression line which shows
how the velocity of detonation of the ANFO charge vary until it reaches an ideal steady state.
Additionally, the velocity of detonation obtained from Autodyn is represented by the line
which merges the velocity peak points measured by the fifteen theoretical gauges. The
comparison between model and experiment is performed at 682.5mm from the leading end of
the charge. This point corresponds with 3.8 charge diameters and where is assumed that the
steady state has been reached [1].

Figure 15. ANFO Detonation Velocity Comparison between the Experimental Test and
Numerical Model

The accuracy of the numerical model versus the experimental results is measured using the
percent error. The approximation error in some data is the discrepancy between an exact
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value and some approximation to it [5]. Given some value vexperimet and its approximation
vmodel, the percent error (4) is as follows:

= − × 	100																																																							(4)
Just some specific points are available in the experimental result so it is not possible represent
the experimental velocity as a function of time with sufficient precision. Thus, the percent
error is calculated using average values from the experiment and the model. These average
values are obtained by the arithmetic mean [6] which formula (5) is as follows:

̅ = 1 = 1 + ⋯+ 																																																																(5)
Using the available experimental data, the average detonation front velocity for ANFO
obtained in the Aquarium Test is: = 	3,909.09	 /
According to the values of velocity measured by the gauges during the simulation, the
average detonation front velocity for ANFO is:= 	3,884.7	 /
The percent error of the numerical model obtained using the equation (5) with average values
is:

= − × 	100 = 3,909.09 − 3,884.73,909.09 × 	100 = 0.624%
4. Conclusion

In this paper, the detonation phenomenon of an ANFO cylinder in water is successfully
simulated and the velocity of detonation along the charge is calculated using Autodyn.
Maximum values of velocity obtained by fifteen different gauges are compared with the
experimental data obtained in a previous Aquarium Test performed by AXPRO Research
Group using its high fidelity detonation physics laboratory.

The results of the experimental measurements have shown that the water-tank technique is
very useful in determining the properties of non-ideal explosives such as ANFO.
Additionally, the detonation process of this type of explosives can be successfully simulated
using a computational numerical model. Simulation studies show that Autodyn results match
very well with the theory of the detonation front traveling through the charge when the steady
state is reached.
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ABSTRACT

To ensure the safe storage and deployment of explosives it is vital to understand the
mechanisms that give rise to ignition and reaction growth in response to impacts. It is believed that
pinch is one such mechanism. To aid this understanding, the High Explosive Response to
Mechanical Stimulus (HERMES) material model has been integrated in the Lagrangian hydrocode
LS-Dyna. This model has been developed to offer a tool to predict from the mechanical stress field
whether an impact causes ignition and, if it does so, to model the progress of the ensuing reaction.
It is thus natural now to apply this tool to make a focused investigation of pinch. The present
modelling study explores some idealised pinch configurations generated in a schematic drop test
for two explosives: PETN and an HMX-based explosive. The modelling predicts the changing
values of the HERMES ignition parameter as a pinching deformation proceeds. Highest values of
the parameter are associated with shear boundary layers in the explosive adjacent to the drop
hammer and anvil. The modelling accurately reflects the relative sensitivities of the two explosives
and predicts the deformation and stress fields resulting from the reaction of the explosive.

Introduction

Safety is paramount in storing and deploying high explosives, but it is fair to say that the
mechanisms that give rise to ignition and reaction growth in response to impacts remain not fully
understood, although there is continuous research towards gaining this understanding. As part of
this research effort, the High Explosive Response to Mechanical Stimulus (HERMES) material
model [1] has been integrated in the Lagrangian finite element hydrocode LS-Dyna [2] and more
recently in the Arbitrary Lagrangian Eulerian (ALE) code ALE3D [3]. This model has been
developed to offer a tool to predict from the mechanical stress field first whether an impact causes
ignition and then, if it does so, to model the progress of the ensuing reaction. Pinch is believed to
be one of the prime mechanisms for ignition, but has been the subject of only limited modelling to
date. The Steven Test has been modelled with HERMES and by other means [4-6], but the geometry
of this test is not simple and therefore not ideal for analysis of pinch. An idealised analytical model
has been developed by one of the authors [7], but cannot address in its present form factors like
friction, although ongoing work [8] is investigating the extension of this analytical approach. It is
thus natural to apply HERMES specifically to investigate pinch in a simplified geometry to see
whether finite element modelling can address pinch well. Version 84v of HERMES has been used
in this study.

The present modelling study explores some idealised pinch configurations for two
explosives: PETN of density 1.4 g/cc and an HMX-based explosive. The density of the PETN was
chosen because of the apparent greatest sensitivity at this density indicated by the minimum run to
detonation distance in deflagration to detonation experiments [9]. The pinch is realised in the
modelling in a simulation of a drop test, a simplified idealised test loosely based upon the
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Fig. 1: Schematic of Drop Test

dimensions of the Cavendish Laboratory drop test experiments [10]. Drop tests have been
investigated for over a century [11] and validation against published data is an eventual goal.

In this simulation a steel weight, the drop-hammer, with a flat bottom face is dropped onto
the parallel flat upper end of the cylindrical explosive samples, which stand on a solid steel
supporting anvil. The configuration is shown schematically in Figure 1. Drawing on [10], the
sample size is chosen to be tiny compared with the drop hammer and anvil dimensions. This
necessitates use of a very fine mesh in the sample, which in turn requires the adjacent meshes in the
drop hammer and anvil also to be quite fine to ensure that the slide lines function properly. A
simulation where the hammer and anvil are modelled by moving and stationary rigid walls
respectively with a very fine mesh in the explosive has also been undertaken for PETN and is
compared with the results when all components are meshed.

The modelling predicts the changing values of the HERMES ignition parameter as the
pinching deformation proceeds. It is shown that in spite of the relatively simple geometry of this
idealised test, the response of the explosive is complex in nature with strong dependence on shear
resulting from friction, with reaction violence heavily dependent on location. The dependences of
the results on the critical value of the ignition parameter and on the threshold value of a function of
entropy used in the modelling of violent reaction are briefly investigated.

The HERMES Model

HERMES [1] comprises several sub-models: a strength model, a model for porosity
generated via damage, and an ignition parameter determined in each element by a cumulative
integral of a function of the flow variables as follows:
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Here s1,2,3 are the principal stress deviators, Y is the equivalent stress, p is the pressure, P0 is a

prescribed constant value of pressure, and p is the plastic strain rate. Ignition is deemed to

commence when Ign reaches a particular (dimensionless) value, typically determined by undertaking
experiments. Following ignition HERMES determines the rate of reaction depending on the current
reaction extent, the specific surface area, and the pressure. If shocks develop, an entropy-based
reaction, with fast and slow components, can grow. This reaction is initiated depending on the value
of a threshold parameter for the function of entropy Z(S) used in the CREST model [12, 13], a
subset of which is implemented in HERMES.

Modelled Idealised Drop Test

There are several motivations for studying the drop test. Tests such as the Steven Test and
spigot intrusion tests do not have mathematically simple geometry and thus the geometry-dependent
effects are hard to separate from the physics of the explosive response. Certainly these tests are not
amenable to analytical modelling, which so often gives great insight into the physical mechanisms
at work. Moreover, mesh distortion is an issue for purely Lagrangian codes when significant
penetration occurs as is the case in these tests.

By contrast, it was thought that drop tests offer a somewhat simpler geometry for
mathematical modelling that might allow the Lagrangian formulation to yield good results and
might enable ready comparison with analytical methods. The explosive sample is initially a cylinder
of low height and relatively large radius, which could allow perturbation methods to be applied.
Work on this approach is in progress [8]. It was considered possible that the squeezing of the sample
might not cause so much deformation and that new insight into the explosive response might readily
emerge. In what follows we shall see that the former expectation was too optimistic, but that this
first study of these tests in more detail nonetheless did reveal some very interesting features in
common with previous modelling.

Dimensions of the sample and of the drop hammer are based very loosely on the
experiments at Cambridge University [10]. The sample is tiny compared with drop hammer and
anvil, having a radius of 2.5 mm and a height of 0.5094 mm. There is accordingly a very fine mesh
in the sample. The adjacent meshes in the drop hammer and anvil were made fine enough to ensure
that the slide lines would function properly, while kept coarse enough to keep run times sufficiently
low to make the parametric studies possible in a reasonable timescale. Figure 2 (top left) shows the
geometrical configuration and (top right) the finite element mesh used, with finer regions adjacent
to the explosive sample; at this scale the very fine mesh in the sample is not visible, but will become
so in detailed plots of the explosive responses shown later. Figure 2 (bottom) shows the vicinity of
the sample outlined by the red rectangle (top left).

The first runs were done with the drop hammer and supporting steel anvil modelled
explicitly, commencing with a nominal 1 m/s impact on PETN of density 1.4 g/cc followed by a
4.43 m/s impact corresponding to a drop height of 1 m, typical of such experiments. This is the
density of PETN powder for which we have previously modelled DDT with some success [14], by
calibrating the subset of the CREST model in HERMES. In that model the entropy threshold
was set to zero and it was natural to begin this work with that value to explore whether the same
model could make good predictions for both DDT and drop test experiments.

In absence of a well-established ignition threshold parameter for PETN, the HMX value of
195 calibrated by the Steven Test [4] was first used for both explosives. A few runs with a lower
value of 60 were done for both explosives, as this value has been that identified in corresponding
US Steven Test modelling of HMX and it is highly likely that a lower value is appropriate for
PETN.
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The extreme differences in sizes between the meshes in the sample and in the drop hammer
and anvil encouraged us to consider modelling the drop hammer and anvil with rigid walls. This
would allow a finer mesh to be used in the sample while retaining low run times and permit direct
comparisons with earlier modelling work [7] and ongoing work on pinch at the University of East
Anglia [8].

Impacts at the same speeds on an HMX-based explosive at Theoretical Maximum Density
(TMD) were also modelled. This explosive has been the subject of previous modelling of the Steven
Test for TMD and of DDT for porous explosive. For both explosives, values of static and dynamic
friction coefficients were both taken as 0.4 based upon [4, 15].

Fig. 2: Geometry and Meshing of Drop Test

Modelling Results

For the PETN with the initial parameter values set as described above it appears that an
impact speed as low as 1 m / s is sufficient to cause violent reaction across most of the explosive
before the run halts as a result of mesh distortion. Contours of the HERMES Ignition Parameter are
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plotted in Fig. 3 at a time of 120 µs in the sample. The axis of symmetry is at the left in all of Figs.
3-9. There is marked similarity with [4] in that the highest ignition parameter values are associated
with boundary layer shear resulting from friction and the squeezing out of the explosive as the
hammer pinches it. Considerable mesh distortion associated with this boundary layer is under way.
The choice of a simple geometry for the sample has not overcome this problem. Contours of burn
extent at the same time are shown in Fig. 4. There is a violent burn in the vicinity of the axis of
symmetry – fully burnt material is shown red (1.0). Unburnt explosive is shown blue (0.0). As a
check on the correct functioning of the slide lines, contours of normal stress and of the shear
stress are shown in Fig. 5. Given the disparity in mesh sizes, there is fair continuity of these
stress components across the interfaces between the sample and the drop hammer and anvil, as
should be the case.

Just 3 µs later the map of the extent of reaction, shown in Fig. 6 in which blue is zero (no
reaction) and red is 1 (fully reacted), reveals an elaborate structure of burning with two

Fig. 3: Contours of ignition parameter and distorted mesh in PETN sample
impacted at 1 m/s, shown at 120 µs, with minimum (blue, darker) 0.0

and maximum (red) 352.0 (in boundary layers).

Fig. 4: Contours of burn extent in PETN sample at 120 µs, with minimum (blue, no
burn) 0.0 and maximum (red, fully burnt at left) 1.0.
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Fig. 5: Contours of normal and shear stress components in sample at 120 µs.

Fig. 6: Contours of burn extent in PETN sample at 123 µs, with
minimum 0.0 (blue) and maximum 1.0 (red, left and arrowed).

separate main areas of fully reacted material. In fact the most violent reaction occurs away from the
axis of symmetry as in the Steven Test [4] and as seen in experiments [10], although the
axisymmetric formulation cannot reproduce the single local sites of ignition seen in the experiments
but is constrained to predict a ring of ignition. The maximum pressure is as high as 40 GPa and
actually occurs when a wave is reflected at the axis, but the mesh distortion is so severe at this time
that this is very much a tentative statement to be confirmed. The value seems very high, which
prompts the question whether the entropy threshold is set correctly.

Next, in order to enable consideration of the sample response in greater detail while keeping
run times low, a reduced formulation comprising the modelling of the drop hammer as a moving
rigid wall and the anvil as a stationary rigid wall was considered. In fact broadly the same kind of
behaviour as for the full formulation with explicit treatment of the drop hammer and anvil is indeed
seen.

However, the reaction appears to be somewhat delayed, as shown in Fig. 7 by the contours
of the ignition parameter at 168 µs –very similar to those seen at the much earlier time of 120 µs in
Fig. 3 with drop-hammer and anvil. This suggests that analytical models assuming constant motion
of the walls, i.e. neglecting the influence of the explosive on the drop-hammer and anvil, may be
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Fig. 7: Simplified model with rigid walls: contours of ignition parameter in PETN
sample at 168 µs, with minimum 0.0 (blue) and maximum 352.0 (red, in boundary
layers).

quite useful to get an idea of the likely explosive behaviour, but that modelling of the full system is
likely to be needed for accuracy.

The 1 m/s impact run was repeated with the higher value of the entropy threshold of

1.0E10 Mbar cc/g, chosen to eliminate the effects of the entropy based reaction.

Fig. 8: Contours of ignition parameter in PETN sample impacted at 1 m/s, shown
at 120 µs, with minimum (blue) 0.0 and maximum (red, in boundary layers) 7.09.

Fig. 8 shows the corresponding plot to that in Fig. 3 at 120 µs. The ignition parameter
attains far lower values, but the qualitative behaviour is similar with shear away from the axis again
engendering the highest values. As Fig. 9 shows, the burn does not progress to completion in the
simulation duration of just over 260 µs – clearly the violent burn is as a result of the entropy-based
reaction.

The critical value of the ignition parameter was then reduced to 60, keeping the same high
value of . The value of the burn extent attained with the critical value of 195 as shown in Fig. 9
was not achieved in the run. This seemed surprising but is believed to be due to the earlier cessation
of the run as a result of the earlier ignition causing earlier severe distortion of the mesh. The same
pattern of burning, commencing where the explosive is shearing well away from the axis of
symmetry near the hammer and anvil, is observed.

A simulated 1 m drop on the PETN sample was modelled next, since this is typical of actual
drop tests. The entropy based reaction was again repressed. As may be seen from Fig. 10, this
greater drop height leads to higher values of the ignition parameter. Soon, after 40 µs, severe mesh
distortion sets in and so reliable conclusions about the reaction after this time may not be drawn.
Again the same pattern of shear boundary layers leading to the onset of burning is seen.
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Fig. 9: Contours of burn extent in PETN sample (only this is shown) impacted at 1
m/s, shown at 260 µs, with minimum (blue) 0.0 and maximum (red, in boundary
layers) 0.153 (nb. the marked contrast with Fig. 6).

For HMX-Based explosive with the entropy reaction allowed, with = 0, the response is
much less violent for a 1 m / s impact than for PETN, as expected given the known relative
sensitivities of these explosives. Pressure contours at 17.5 µs for a 1 m/s impact on HMX are shown
in Fig. 11. The highest pressure achieved at this time is 1.76 GPa. Severe mesh distortion is in
progress and the run halts very soon after this time. However, experience of drop tests with this
explosive suggests that there should be no substantial reaction. Repressing the entropy-based
reaction by setting to the high value 1.0E10 Mbar cc/g, it is found that even at an impact speed
of 4.43 m / s for a 1 m drop the reaction in the HMX is much less severe.

Fig. 10: Contours of ignition parameter in PETN sample impacted at 4.43 m/s, as
a result of a 1 m drop, shown at 40 µs, with minimum (blue) 0.0 and
maximum (red, in boundary layers) 57.06 (cf. Fig. 8).

Values of the ignition parameter generated are much lower, well below the values seen in
the Steven Test. The corresponding pressure plot in Fig. 12 shows a much lesser violence of
reaction. The effect of reducing the critical ignition parameter to 60 resulted in higher values of
burn and the earlier onset of violence of the reaction, as expected.
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Fig. 11: Pressure contours at 17.5 µs for a 1 m/s impact on HMX, with
maximum pressure 1.76 GPa (red, arrowed).

Fig. 12: Pressure contours at 17.5 µs for a 4.43 m/s impact on HMX, with no entropy
reaction. The maximum pressure is 0.531 GPa (red, arrowed).

Discussion

This has been as stated a preliminary study, which has served its main purpose of showing
that modelling the drop test with a Lagrangian finite element code is, with some limitations,
feasible. The modelling gives some new insights into the explosive response. Although the drop
test geometry is very much simpler than in e.g. the well-known Steven Test, the modelled explosive
response nonetheless exhibits some complex features induced by the shear and friction.

Meshing the geometry makes challenging demands which have been addressed by dividing
the anvil and hammer into separate regions with intermediate meshes adjacent to the very fine
meshing needed in the explosive. There is vast scope for undertaking further parametric studies,
including mesh design sensitivity studies, the strategy for which will be considered. It is found that
mesh distortion remains an issue for the Lagrangian code with the drop test geometry. Many of the
runs end before the critical ignition parameter value is reached, preventing a definite prediction of
whether ignition occurs or not. Further modelling using ALE3D is in progress in parallel to
investigate the explosive response in these situations.

The entropy-based reaction in HERMES greatly affects the violence of the simulated
reaction ensuing after impact. Modelling was commenced with this fully activated, based on earlier
successful work on DDT. It appears that this assumption probably over-estimates the violence of
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explosions initiated by drop tests, although this cannot yet definitely be concluded from this
schematic study.

For the PETN in all cases it appears that low speed impacts are sufficient to cause
significant reaction at least across most of the explosive before the runs halt as a result of mesh
distortion. For HMX-based explosive the responses so far seen are less violent. The known relative
sensitivities of these explosives are thus reflected in the modelling to date.

A striking feature of all the runs is that the highest values of the ignition parameter are
associated with the shear boundary layer adjacent to the interfaces between the explosive and the
anvil or hammer face. The reactions commence here, but regrettably this is precisely where the most
mesh distortion is occurring as the code tries to track the considerable associated deformations. This
is a strong motivation for further analytical studies of such boundary layers.

In an effort to reduce the cost of the runs and to allow much finer meshes in the explosive,
for the PETN (with the entropy reaction engaged) the drop-hammer and anvil were replaced with
moving and stationary rigid walls respectively. This does not seem to change the main features of
the response, but delays the onset of ignition. It is concluded that this kind of simplification should
be used with great caution preferably only where qualitative investigation to gain a first
understanding of the likely explosive response is sufficient. The deformations of the hammer and
anvil matter.

Future work will explore the use of ALE3D, meshing refinements, parametric studies, and
potential extension to 3D modelling, including variations in yield strength and other parameters.
Plainly, having shown that simulations of drop tests giving insights are feasible, it will be highly
desirable to compare simulations directly with experiments to assist in calibrating the HERMES
model.
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ABSTRACT 

 

Part 1. The FactSage 6.4 software package was used to model the thermodynamics of pyrotechnic 

smoke compositions based on boron carbide, hexachloroethane, and phosphorus. The 

computational results are shown to be relevant in light of prior experimental observations. The 

limitations of computational methods are discussed and strategies are proposed for overcoming 

some of the most common problems. Calculations against a temperature gradient, under non-

adiabatic conditions, may be used to simulate heat loss to the surroundings. Likewise, calculations 

against an air gradient may be used to simulate the participation of the atmosphere in pyrotechnic 

reactions. 

 

Part 2. Boron phosphide (BP) is proposed as a benign source of phosphorus for next-generation 

pyrotechnic smoke compositions. The thermodynamics of the BP-KNO3 system have been studied 

computationally. The results indicate that certain stoichiometries should produce elemental 

phosphorus upon combustion. The properties of the BP-KNO3 system are examined considering 

the functional requirements of smoke munitions. 
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INTRODUCTION 

Thermodynamic modeling can be used to reduce the cost and duration of energetic materials 

development. Despite the common use of such modeling in propellants and explosives 

development, the technique has been less frequently applied to pyrotechnics. Thermodynamics 

software packages such as CHEETAH,1 NASA CEA,2 and the ICT Thermodynamic Code3 

compute equilibrium products using a finite database of possible chemical species, typically under 

adiabatic conditions. Several limitations of this approach should be taken into consideration. The 

combustion of slow-burning pyrotechnics does not occur adiabatically because there is ample time 

for heat to be lost to the surroundings. Pyrotechnics often contain metals and other elements that 

may produce products not present in the software database. The actual combustion reactions do 

not necessarily produce equilibrium products. It is also difficult to account for the possible 

participation of atmospheric components in the combustion reactions. Nonetheless, in certain cases 

these issues can be managed and the computational results can provide meaningful insights. 

 In this article, we demonstrate that thermodynamic modeling is applicable to certain types 

of pyrotechnic smoke compositions. The FactSage 6.4 software package,4 containing 

thermodynamic data for an extensive collection of inorganic species, has been used to model the 

combustion of BC, HC, and phosphorus-based smoke compositions. A critical assessment of the 

results in the context of prior experimental work is presented. Boron phosphide (BP) is proposed 

as a new pyrotechnic fuel for effective, yet sustainable, smoke compositions. The BP-KNO3 

system is evaluated computationally as an initial step toward this goal. 

 

EXPERIMENTAL SECTION 

Thermodynamic equilibrium calculations were performed with FactSage 6.4 (Thermfact/CRCT 

and GTT-Technologies).4 The particular databases used were FactPS, FToxid, and a custom 

database containing calcium stearate monohydrate (C36H72CaO5), polyvinyl acetate (C4H6O2), 

epoxy (C21H24O4), hexachloroethane (C2Cl6), Pwhite, Pred, BP, P2B12, and BPO4. The custom 

database was professionally built by The Spencer Group, Inc. using available literature data.5 All 

simulations were conducted at a constant pressure of 1 atm with the reactants initially at 298.15 

K. The initial analyses were performed in adiabatic mode (ΔH = 0). The results consist of predicted 

adiabatic reaction temperatures (Tad) and the thermodynamic products at those temperatures. 

Where indicated, calculations were performed at fixed temperatures less than the predicted Tad. 

These calculations simulate heat loss to the surroundings (ΔH < 0) and give the thermodynamic 

products at the temperatures that are specified. In such cases, the calculations were performed at 

temperatures as low as 70% of Tad and selected products are plotted as a function of the percentage 

of Tad. Other details pertaining to the calculations are contained within the figure captions and 

table footnotes. 
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PART 1 – RESULTS AND DISCUSSION 

General Considerations. Not all pyrotechnic compositions are suitable candidates for 

thermodynamic modeling. Chemical equilibrium calculations are only relevant for systems that 

reach, or closely approach, equilibrium. For example, colored smoke compositions containing 

sugar, KClO3, and organic dyes require low combustion temperatures and non-equilibrium 

conditions to achieve the desired effect—sublimation of the dyes without excessive oxidation 

which can degrade color quality.6 Although it is possible to model the combustion of the sugar-

KClO3 pair, the intended pyrotechnic reaction, the relevance of the results with respect to the 

behavior of the actual smoke compositions is not obvious. In contrast, smoke compositions that 

volatilize combustion products, such as salts or oxides, operate at higher temperatures and are 

much more likely to approach equilibrium. 

 BC Smoke Compositions. At a minimum, the subject compositions contain a fuel-oxidizer 

pair (B4C-KNO3) and an inert diluent to moderate combustion temperature. In appropriate 

proportions, ternary B4C-KNO3-KCl mixtures produce thick white smoke clouds upon combustion 

but tend to burn very rapidly. Small amounts of calcium stearate may be added to reduce the 

burning rate. Additionally, polymeric binders such as polyvinyl acetate (PVAc) may be used for 

composition granulation and to reduce nuisance dust during processing. Table 1 shows the effect 

of varying amounts of calcium stearate and PVAc on the calculated adiabatic reaction temperature. 

As these materials are not energetic, their addition causes a temperature decrease with a 141 K 

difference noted between BC-3b and BC-1a. All of the compositions in Table 1 were previously 

tested in fully-assembled smoke grenades with the exception of BC-3b, which was evaluated on a 

laboratory scale.7-9 

 Table 2 shows that the calculated adiabatic equilibrium products do not vary considerably 

across the series, as expected given the similarity of the compositions. The major predicted 

products are gaseous KBO2 and KCl. Once formed, volatilized, and dispersed, rapid cooling of 

these products produces particulates that make up the smoke cloud. These results are in good 

agreement with previous XRD and XRF analyses which indicated that the smoke is composed of 

crystalline KCl and amorphous potassium borates.9 KBO2 is just one possible crystalline phase in 

the K2O∙B2O3 system; such materials may have varying stoichiometries and are often glassy.10,11 

While most of the boron is allocated to KBO2, small amounts of boron oxides are also predicted. 

The prediction of CO as a reaction product instead of CO2 reflects the fact that boron-oxygen 

bonds are generally stronger than the OC=O double bond.12 The CO is reasonably expected to burn 

upon contact with the air, forming CO2, although this has not been confirmed experimentally. The 

nitrogen originating from KNO3 is predicted to form N2 and BN, the latter in the solid phase. 

Several factors can cause significant differences between actual combustion temperatures 

(Tc) and predicted adiabatic reaction temperatures (Tad) including heat lost to the 

container/surroundings, mixture inhomogeneity, and component impurities. For example, the 

measured combustion temperatures of Ti/C-3Ni/Al delay compositions (Tc ≈ 1500-1700 K) were 

approximately 30% less than the predicted adiabatic reaction temperatures (Tad ≈ 2160-2350 K).13 

One of the BC smoke compositions, BC-1a, was selected for more detailed analysis. Figure 1 
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shows the product phase distribution as a function of temperature in the range spanning 70-100% 

of Tad (1349-1927 K). As the reaction temperature drops below 85% of Tad (approximately 1640 

K), liquid potassium borates and chloride begin to take the place of gaseous KBO2 and KCl. 

 

Table 1. BC Smoke Compositions and Calculated Adiabatic Reaction Temperatures 

composition Tad B4C KNO3 KCl Ca stearate a) PVAc b) 

  (K) (wt%) (wt%) (wt%) (wt%) (wt%) 

BC-1a 1927 13 58 25 2 2 

BC-2a 1970 13 59 25 1 2 

BC-3a 2013 13 60 25  2 

BC-1b 1982 13 60 25 2  

BC-2b 2025 13 61 25 1  

BC-3b 2068 13 62 25     

a) Calcium stearate monohydrate. b) Polyvinyl acetate. 
 

Table 2. Calculated Adiabatic Reaction Temperatures and Equilibrium Products for BC Smoke 
Compositions a) 

composition BC-1a BC-2a BC-3a BC-1b BC-2b BC-3b 
Tad (K) 1927.41 1969.82 2013.17 1981.77 2024.94 2067.76 

product phase wt% wt% wt% wt% wt% wt% 

KBO2 g 48.50 49.29 49.71 50.24 50.63 50.48 
KCl g 22.63 22.80 23.25 22.65 23.13 24.06 
CO g 12.41 10.80 9.19 9.81 8.20 6.59 
N2 g 4.68 5.58 6.52 5.93 6.87 7.85 

B2O3 g 2.19 3.40 4.78 3.47 4.88 6.93 

(KCl)2 g 0.71 0.58 0.49 0.54 0.46 0.41 

HCl g 0.56 0.56 0.46 0.51 0.40  
HBO2 g 0.54 0.53 0.42 0.50 0.37  
HBO g 0.49 0.54 0.50 0.54 0.46  
H2 g 0.33 0.21  0.19   

(BO)2 g 0.32 0.56 0.92 0.61 1.00 1.64 

KCaCl3 g 0.17   0.19   

CaCl2 g 0.14 0.12  0.24 0.13  
K g 0.11 0.12 0.13 0.13 0.15 0.16 
OBCl g 0.10 0.17 0.26 0.17 0.26 0.42 
BO g      0.13 
BN s 5.95 4.59 3.18 4.22 2.80 1.31 
CaB2O4 s 0.12           

a) Products occurring in amounts of 0.10 wt% or greater are shown. 
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Figure 1 (Left). Calculated equilibrium product phase distribution as a function of reaction 

temperature for BC-1a. The adiabatic temperature, corresponding to 100%, is 1927 K. Gases (solid 

red), liquids (long-dashed blue), solids (short-dashed black). 

 

Figure 2 (Right). Calculated equilibrium gas products as a function of reaction temperature for 

BC-1a. The adiabatic temperature, corresponding to 100%, is 1927 K. All gas products (solid red), 

permanent gases (dot-dash green), difference (dotted purple). Permanent gases include CO, N2, 

and H2. 

 

 

 The phase of the products produced by a smoke composition is just as important as their 

chemical identity. Products formed in the gas phase readily leave the combustion zone, eventually 

condensing and forming smoke, provided they are not permanent gases. Products formed in the 

liquid or solid phases are more likely to remain in the immediate vicinity as slag, especially salts 

and oxides. Figure 2 shows a breakdown of the predicted gas phase products. In this case, the 

smoke is not particularly hygroscopic so the aerosol yield may be approximated by eq 1. 

 

∑(𝑎𝑙𝑙 𝑔𝑎𝑠𝑒𝑠) − ∑(𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑔𝑎𝑠𝑒𝑠) ≈ 𝑎𝑒𝑟𝑜𝑠𝑜𝑙  (eq 1) 

 

 The predicted aerosol yield (labeled “difference” in Figure 2) remains above 70 wt% until 

the temperature drops to 85% of Tad. Smoke chamber tests of fully-assembled grenades have 

shown that the average yield is 75 wt%.9 This suggests that the actual grenades burn at a 

temperature greater than 1640 K (about 85% of Tad), in a range that reasonably accounts for heat 

lost to the grenade hardware/surroundings and the other factors mentioned previously. 

 

395



HC Smoke Compositions. Smoke compositions containing Al, ZnO, and C2Cl6 were 

developed in the early 1940s by McLain. The aluminum content was found to control both burning 

rate and reaction temperature. The HC-1 composition in Table 3 reportedly burned too quickly and 

at too great a temperature, while compositions with lesser amounts of aluminum (such as HC-2) 

proved suitable for use in slow-burning smoke grenades.14 

 

 

Table 3. HC Smoke Compositions 

composition 
Al 

(wt%) 
ZnO 

(wt%) 
C2Cl6 
(wt%) 

intended reaction 

HC-1 a) 10.09 45.65 44.26 2 Al + 3 ZnO + C2Cl6 → Al2O3 + 3 ZnCl2 + 2 C 

HC-2 b) 6.30 47.57 46.13 6 Al + 15 ZnO + 5 C2Cl6 → 3 Al2O3 + 15 ZnCl2 + 6 CO + 4 C 

a) Burns too quickly and at too high a temperature. 

b) Useful for slow-burning smoke grenades. 

 

 

Thermodynamic equilibrium calculations predict that HC smoke compositions produce 

large amounts of gaseous ZnCl2, in agreement with experimental observations. Greater aluminum 

content and correspondingly higher combustion temperatures may also cause the formation of 

AlCl3 (g) and Zn (g). The HC-2 composition in Table 3 was predicted to form 79.5 wt% ZnCl2 (g) at 

an adiabatic temperature of 1214 K. Calculations at lower temperatures revealed that the ZnCl2 is 

increasingly formed in the liquid phase below 1000 K, about 80% of Tad (Figure 3). This 

temperature represents a lower limit for the system—below it, the compositions would not be 

effective. The analogous limiting temperature for BC smoke compositions is far higher (1640 K). 

As far as salts and oxides are concerned, ZnCl2 is remarkably volatile. This metal chloride is also 

vigorously hygroscopic. The effectiveness of HC smoke is humidity-dependent and the resulting 

aerosol mass is often greater than that of the initial composition.9 Such secondary reactivity, 

occurring after the primary combustion event, is not easily modeled. 

 Phosphorus-Based Smoke Compositions. White and red phosphorus are extremely 

effective as smoke-producing substances because of the large mass increase that occurs when they 

burn and as the resulting deliquescent oxides rapidly absorb atmospheric moisture. The overall 

mass increase can exceed 500% and depends on relative humidity.15 The initial atmospheric 

combustion can be modeled when air is added as a reactant. Three systems were considered—pure 

white phosphorus (WP), pure red phosphorus (RP), and the M819 composition. Figure 4 shows 

how the calculated adiabatic reaction temperatures vary as a function of air content. For WP and 

RP, the peak predicted temperatures and corresponding reaction products are nearly identical 

(Table 4). Subtle differences arise because RP is slightly more stable than WP (their ΔfH° values 

differ by 17.6 kJ/mol).16 The M819 mortar projectile contains an expelling charge that ignites and 

ejects multiple smoke pellets. In addition to red phosphorus, the M819 composition contains 13.9 

wt% NaNO3 and 7.4 wt% epoxy binder.17 Atmospheric burning of excess phosphorus is the 

primary reaction; the purpose of the sub-stoichiometric NaNO3 is to promote rapid combustion. 
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Without a pyrotechnic oxidizer, red phosphorus burns rather slowly unless it is shocked and pre-

heated by a detonation.18 The Tad profile for the M819 composition is remarkably similar to that 

of pure RP because the composition is so phosphorus-rich. In the absence of air, white phosphorus 

vapor (P4) is the major predicted product and the Tad is just 941 K (Table 4). Similar Tad values 

have been calculated for fuel-rich RP-KNO3 mixtures.19 

 

 

   
 

Figure 3 (Left). Calculated equilibrium ZnCl2 phase distribution as a function of reaction 

temperature for HC-2. The adiabatic temperature, corresponding to 100%, is 1214 K. ZnCl2 gas 

(solid red) and ZnCl2 liquid (long-dashed blue). 

 

Figure 4 (Right). Calculated adiabatic reaction temperatures for phosphorus-air systems. WP 

(solid blue), RP (long-dashed red), M819 (dotted green). The M819 composition is 78.7 wt% RP, 

13.9 wt% NaNO3, 7.4 wt% epoxy. Air at 25 °C and 50% relative humidity approximated as 74.76 

wt% N2, 22.97 wt% O2, 1.29 wt% Ar, 0.98 wt% H2O. 
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Table 4. Calculated Adiabatic Reaction Temperatures and Equilibrium 
Products (wt%) for Phosphorus-Air Systems a) 

composition WP RP M819 b) M819 b) 

air (wt%) c) 77 d) 77 d) 73 d) 0 

Tad (K) 2460 2447 2409 941 

product (phase)         

N2 (g) 57.54 57.54 55.17 2.29 

PO2 (g) 15.87 14.84 12.09  

(P2O3)2 (g) 15.62 17.35 19.23 13.18 

PO (g) 9.23 8.55 6.48  

Ar (g) 0.99 0.99 0.94  

H2O (g) 0.34 0.34 0.95  

P2 (g) 0.24 0.22 0.15 0.21 

CO (g)   2.95  

Na (g)   0.98  

CO2 (g)   0.79  

H2 (g)   0.11 0.48 

P4 (g)    69.37 

CH4 (g)    0.18 

Na3PO4 (s)    8.94 

C (gr, s)    5.35 

a) Products occurring in amounts of 0.10 wt% or greater are shown. 

b) 78.7 wt% RP, 13.9 wt% NaNO3, 7.4 wt% epoxy. 

c) Air at 25 °C and 50% relative humidity approximated as 74.76 wt% N2, 
22.97 wt% O2, 1.29 wt% Ar, 0.98 wt% H2O. 

d) Stoichiometry producing peak Tad. 

 

 

PART 2 – RESULTS AND DISCUSSION 

Boron Phosphide as a Benign Source of Phosphorus. The use of phosphide compounds, instead 

of elemental phosphorus, is an alternative strategy for incorporating this element into pyrotechnic 

compositions. However, transition metal phosphides have a relatively low phosphorus content and 

ionic phosphides such as Na3P and Ca3P2 are susceptible to hydrolysis. Boron phosphide (BP) 

appears to be one of the only phosphides suitable for pyrotechnic applications. BP contains 74 

wt% phosphorus and has a crystalline density of 2.97 g/cm3.20 Boron phosphide crystals actually 

contain more phosphorus per cubic centimeter than pure white phosphorus (2.20 g/cm3 versus 1.82 

g/cm3).16 BP is an indirect-band-gap III-V semiconductor that may find use in high-temperature 

applications due to its favorable electronic properties and chemical inertness.21,22  

Unlike ionic phosphides, BP is resistant to hydrolysis. A recently reported bulk-synthetic 

method calls for a purification step involving boiling concentrated hydrochloric acid.23 The ability 

of boron phosphide to resist chemical attack may impart favorable aging characteristics to BP-

398



based compositions. In contrast to red phosphorus, boron phosphide is unlikely to produce 

phosphine upon aging. Although, the long-term stability of mixtures containing BP would still 

need to be verified through accelerated aging experiments. In some respects, BP resembles B4C. 

Both are remarkably inert and are only attacked under extreme conditions, by hot molten oxidizers 

such as potassium nitrate or sodium peroxide.24 In a very early report concerning the synthesis and 

properties of BP, Henri Moissan noted that the compound incandesced and deflagrated when 

“projected onto a bath of molten alkali nitrate.” 25 

As of early 2016, boron phosphide is not readily available from commercial sources. 

Pyrotechnic prototyping can require hundreds of grams of materials. This makes BP-oxidizer 

systems all the more suitable for initial characterization by computational methods. 

Comparison of the B4C-KNO3 and BP-KNO3 Systems. Figure 5 shows the Tad profiles 

for the binary B4C-KNO3 and BP-KNO3 systems. In the former, a composition containing 16 wt% 

B4C is predicted to produce mainly KBO2 (g) at a peak Tad of 2956 K. The BP-KNO3 system appears 

to operate at lower temperatures and has a flatter temperature profile. Two maxima of 1848 K and 

1860 K correspond to fuel-lean and fuel-rich stoichiometries. These points occur at 26 wt% and 

52 wt% BP; the predicted products are shown in Table 5. The fuel-rich composition is predicted 

to produce a large amount of hot elemental phosphorus, mainly in the form of P2 (g). The P4 (g) ⇌ 2 

P2 (g) equilibrium becomes relevant at temperatures above 1100 K.26 Both P4 (g) and P2 (g) are highly 

flammable and will oxidize immediately upon contact with the air, forming hygroscopic 

phosphorus oxides and ultimately phosphoric acid. 

 

 

 
Figure 5. Calculated adiabatic reaction temperatures for the B4C-KNO3 and BP-KNO3 systems. 

B4C-KNO3 (solid blue) and BP-KNO3 (long-dashed red). 
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Table 5. Calculated Adiabatic Reaction Temperatures and Equilibrium 
Products (wt%) for B4C-KNO3 and BP-KNO3 Systems a) 

compound B4C (16 wt%) b) BP (26 wt%) b) BP (52 wt%) b) 

Tad (K) 2956 1848 1860 

product (phase)       

KBO2 (g) 67.00 34.92 38.51 

N2 (g) 11.58 10.25  

B2O3 (g) 8.71  0.65 

CO (g) 7.04   

BO2 (g) 1.97   

CO2 (g) 1.68   

BO (g) 1.12   

K (g) 0.50 11.93 0.18 

NO (g) 0.12   

O (g) 0.11   

BPO4 (g)  20.72 1.68 

(P2O3)2 (g)  20.45  

P2 (g)  1.63 36.49 

P4 (g)   1.55 

(BO)2 (g)   0.37 

B2O3 (l)   8.78 

BN (s)   11.75 

a) Products occurring in amounts of 0.10 wt% or greater are shown. 

b) Stoichiometry producing a maximum in Tad. 

 

 

 The ability of the BP-KNO3 system to produce elemental phosphorus partly depends on 

preferential formation of KBO2 instead of BPO4 and phosphorus oxides. Combustion of BP in an 

oxygen atmosphere is known to produce BPO4.
27 The presence of potassium is therefore critical 

but it is not the only requirement. The compositions must also be oxygen-deficient. Several factors 

promote phosphorus formation under these conditions. Although it may seem counterintuitive, 

KBO2 formation should be thermodynamically favored even though BPO4 is more stable on a 

molar basis. The ΔfH° values for KBO2 (g) and BPO4 (g) are −674 kJ/mol and −976 kJ/mol, 

respectively.28,29 The reason is that formation of one BPO4 molecule would occur at the expense 

of two KBO2 molecules. Additionally, B–O bonds are more likely to form than P–O bonds when 

oxygen is limited because boron is generally more oxophilic than phosphorus.12 Equation 2 closely 

approximates the reaction stoichiometry and product distribution of the fuel-rich composition in 

Table 5. The extent of oxygen deficiency is made apparent by the predicted formation of BN. 

 

8 BP  +  3 KNO3  →  3 KBO2  +  4 P2  +  B2O3  +  3 BN (eq 2) 
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 Figures 6 and 7 show the major predicted gas phase products of the BP-KNO3 system as a 

function of stoichiometry. The window for high phosphorus production occurs between about 40 

and 70 wt% BP. The peak occurs at 52 wt% BP. Beyond this point the system becomes so oxygen 

deficient that an increasing quantity of BP is predicted to remain unreacted. 

 

   
 

Figure 6 (Left). Calculated phosphorus-containing gas products of the binary BP-KNO3 system 

(adiabatic conditions, equilibrium products). POx (solid red), BPO4 (short-dashed blue), Px (dotted 

green). POx is the sum of (P2O5)2, (P2O3)2, and PO2. Px is the sum of P2 and P4. 

 

Figure 7 (Right). Calculated boron- and potassium-containing gas products of the binary BP-

KNO3 system (adiabatic conditions, equilibrium products). KBO2 (solid purple), BPO4 (short-

dashed blue), K (dotted orange). 

 

 

 The BP-KNO3 System as a Possible Basis for Next-Generation Smoke Compositions. 

It is unlikely that boron phosphide could serve as a “drop-in” replacement for red phosphorus in 

existing RP-based formulations which are extremely fuel-rich and depend primarily on 

atmospheric combustion. Red phosphorus is considerably more flammable and auto-ignites in air 

at just 530 K.30 BP resists oxidation in air until at least 1000 K.31 The reaction is sluggish and 

reportedly produces BPO4.
32 The properties of this phosphate as an aerosol are not known. 

The use of BP in compositions that undergo self-sustaining combustion within a canister 

(a steel grenade can, for example) appears to be a more sensible starting point. A canister 

configuration is versatile because subtle changes to the composition loading procedure may be 

used to alter the burning time. Core-burning grenades release smoke 3-4 times as rapidly as those 

that burn linearly.9 However, to avoid clogging the smoke vent holes with excessive slag, canister-
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housed smoke compositions must produce enough heat to volatilize most of the combustion 

products. 

BP-KNO3 mixtures may not burn at temperatures great enough to efficiently aerosolize 

KBO2, especially once dilutive organic binders and burning rate modifiers are incorporated. It may 

be necessary to add a metallic fuel, such as aluminum, to increase the combustion temperature 

(Figure 8). A ternary mixture of 5 wt% Al, 45 wt% BP, and 50 wt% KNO3 has a Tad of 2085 K 

which is similar to BC-3b (Table 1) and 225 K greater than the maximum Tad in the binary BP-

KNO3 system. Importantly, a moderate amount of aluminum and added organic material does not 

substantially alter the predicted product distribution. Compositions like this, that could volatilize 

as much as 40 wt% KBO2 and 32 wt% phosphorus upon combustion, should provide excellent 

obscuration performance (Figure 9).33 

 

       
 

Figure 8 (Left). Calculated adiabatic reaction temperatures and selected adiabatic equilibrium gas 

products for the Al-BP-KNO3 system. The amount of KNO3 is fixed at 50 wt% while Al content 

increases at the expense of BP. KBO2 (solid purple), Px (dotted green), Tad (long-dashed red). Px 

is the sum of gaseous P2 and P4. 

 

Figure 9 (Right). Calculated equilibrium products as a function of reaction temperature for BP-1. 

The candidate composition BP-1 contains 5 wt% Al, 45 wt% BP, 50 wt% KNO3, +2 wt% calcium 

stearate monohydrate, +2 wt% polyvinyl acetate. The adiabatic temperature, corresponding to 

100%, is 1973 K. KBO2 gas (solid purple), Px gas (dotted green), all solids (short-dashed black), 

all liquids (long-dashed blue). Px is the sum of gaseous P2 and P4. 
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CONCLUSIONS 

Thermodynamic modeling is applicable to systems that operate at relatively high temperatures 

including BC, HC, and phosphorus-based smoke compositions. These compositions volatilize and 

disperse combustion products. The predicted product distributions are corroborated by what is 

already known about the chemistry of these systems. The trends in the computational results 

provide broad insights that would be difficult to ascertain experimentally. Slow-burning BC and 

HC smoke grenades appear burn at temperatures greater than 80% of Tad. The combustion 

characteristics of the M819 composition were shown to be heavily dependent on the amount of 

available air. Boron phosphide is one of the few phosphide compounds that may be suitable for 

pyrotechnic applications. As a chemically inert material under ordinary conditions, BP may be 

useful as a benign source of phosphorus. Fuel-rich mixtures of BP and KNO3 are expected to 

produce gaseous phosphorus upon combustion. In pyrotechnic smoke compositions, in situ 

phosphorus production could be used to achieve high obscuration performance. The BP-KNO3 

system clearly merits experimental investigation and is a topic of ongoing research in our 

laboratories. 
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ABSTRACT

Convenient statistical way to estimate the functional reliability of the pyrotechnic device is Brucent

test or Probit test. These go or no-go test methods have strong advantage to analyze the critical value such

as ignition current of the device while minimizing the number of test device. These sensitivity tests,

however, are not applicable to a design but only to a specific lot. This paper presents an approach to

predict functional reliability through Monte Carlo simulation based on the stress-strength interference

model, which lies on physical understanding of pyrotechnic separation device.

Introduction

Pyrotechnic mechanical device converts energy produced from pyrotechnic charges to mechanical

movement with many advantages such as light weight, simple electrical circuit, quick operation, long

term storage, and so on [1]. Thus in military and aerospace applications is widely used pyrotechnic

mechanical device like separation device [2], which is strongly related to successful mission completion

and requires very high reliability. Unfortunately pyrotechnic mechanical device is one-shot device and
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repetitive operation or reuse is impossible. Therefore reliability prediction of the pyrotechnic device leads

to destruction of samples and corresponding costs.

According to the well-known table of number of tests without failure versus reliability and

confidence, one would need about 3,000 test samples to function successfully and successively for a

reliability of 99.9 % with a confidence of 95 % [1]. The easiest statistical way to meet proper cost could

be go or no-go test such as Bruceton test [3, 4] and Probit test [5, 6]. But those tests can tell the effect of

single design parameter and provide no information about the physical failure mechanism. Therefore it is

very restricted and qualitative in reviewing or locating design flaw since such test results are limited to a

specific lot. One might also have to pay extra cost if devices do not satisfy the target reliability or one

should change design parameters or even mechanism. Here we use mathematical performance model to

predict the functional reliability of the pyrotechnic separation device [2].

Overall of Pyrotechnic Separation Device

Figure 1 shows the schematic of pyrotechnic separation device. The main purpose of this device is to

release a rocket motor on launch button otherwise to detain the motor most of time even in case of an

accidental ignition of the motor. Therefore predicting the functional reliability of this pyrotechnic

separation device is critical for the successful mission completion of the rocket motor.

The device is composed of bolt, piston, shear pin, housing, and pressure cartridge. Upon the ignition

current the pressure cartridge produces combustion gas, which pushes out the piston to break the shear pin,

release balls, and finally hit and throw away the bolt.

Figure 1. Schematic of pyrotechnic separation device
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Modeling of Pyrotechnic Pressure Cartridge

Among those components, one would imagine the pyrotechnic pressure cartridge is the most

important component in terms of performance and also reliability of the pyrotechnic separation device.

Therefore we need to model the performance of the pressure cartridge in simple mathematics. Typical

way to test the performance of the pressure cartridge independently is the Closed Bomb Test. Our closed

bomb tested has 10 cc volumes. The blue curve in Fig. 2 shows the measured pressure data, of which time

origin or ignition delay time was reset to zero for convenient model fitting. The pressure reaches the

maximum value of about 340 psig in 0.6 ms. After the maximum point the pressure begins to drop. It

could be either due to characteristics of the piezoelectric type sensor or to the heat loss.
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Figure 2. 10 cc Closed Bomb Test result of the pressure cartridge (blue) and model (red)

The state of gas inside the closed bomb is assumed as ideal gas as below,

(1)

where is the gas density and is the reduced ideal gas constant.

By the first law of thermodynamics and assuming the quasi-static process the change of the energy

inside the bomb can be given by

(2)
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where for quasi-static process. As mentioned before, once the pressure hits the

maximum it drops but a few % in another 0.6 ms. Thus the heat loss can be ignorable when the pressure

builds up and we ignore term in Eq. (2).

Considering specific heat capacities of and , above equation can be

written as

(3)

Since Eq. (1) can be applied to the left hand side of Eq. (3) as

(4)

where we ignore the volume change by the combustion of charges and put

For the quasi-static approach in right hand side of Eq. (3) we set , which is flame temperature

of Zirconium Potassium Per-chlorate (ZPP) in steady state. Now we obtain the qusi-static pressure

equation given by

(5)

where and is introduced to fit the data taking into account such as energy loss

from the rupture of closure disk or non-ideal gas properties. And gas generation rate can be

modeled as below [7]

(6)

where is the fraction of gases in the reaction products, is the mass density of ZPP in solid

state, is the burning surface area, is the number of ZPP particle, which is assume
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to be a sphere with the initial radius of , and the burning rate , where e is the burning

distance, a is the burning rate slope coefficient, and n is the burning rate power constant. Assuming

we could solve ordinary equations (5) and (6) (see red curve in Fig. 2). Beyond the maximum

pressure the model doesn’t fit since we ignore the heat loss and are interested in the maximum pressure in

terms of performance.

In order to see the performance deviation for the deviation of the design parameter through the

mathematical model, we randomly generate 1,000 samples on the normal distribution with respect to ZPP

mass of a standard deviation of 1% (see Fig. 3. for the histogram).
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Figure 3. Histogram of randomly generated normal distribution of ZPP mass in model

Figure 4 shows the maximum pressure simulation result according to the randomly generated 1,000

samples above. The maximum pressure from the model ranges from 300 to 450 psig, skewed toward

higher pressure than 340 psig.
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Figure 4. Maximum pressure simulation of cartridge for deviation of the ZPP mass in model
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Figure 5 shows the histogram of simulation data in Fig. 4. Interestingly the histogram doesn’t follow
the normal distribution as input parameter.
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Figure 5. Histogram of maximum pressure in Fig.4.

Functional Reliability of Pyrotechnic Separation Device

The mathematical model [7] of the pyrotechnic separation device including the pressure cartridge

was also developed from the mathematical modeling of the pin puller [8] and compared with the

computer simulation using Ansys Autodyn. The model was also fitted for the measured pressure inside

the pyrotechnic separation device.

We employ the stress-strength model to figure out the functional reliability [9]. The stress covers the

shear force for cutting the shear pin, the O-ring friction force, and the ball friction force. The strength is

the pressure acting on the piston from the cartridge. Since magnitude of those forces depends on time, we

calculate energies considering the acting distance from the model.

(7)

(8)

For example we assume ZPP mass of 55 mg in the model and apply 4% deviation to the mass and

10 % deviation to and . These input parameters were generated 500 times each randomly in

normal distribution and applied to the model. The corresponding energy from Eqs. (7) and (8) are plotted

in Fig. 6.
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Figure 6. Stress-Strength plot for deviations of input parameters and ZPP 55mg

In the stress-strength model [9], the functional reliability R is defined as

(9)

The energy difference between stress and strength enables easy to calculate the functional reliability

R in Eq (9) and is plotted in Fig. 7. The red curve in Fig. 7 is the normal distribution fit to the energy

difference values, converted to the probability density. By integrating the red curve in Fig. 7 from zero to

infinity we get the functional reliability of 96.24 %.
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Figure 7. Energy difference plot for Fig.6

We also assume ZPP mass of 65 mg in the model and apply 4% deviation to the mass and 10 %

deviation to and . The corresponding energy from Eqs. (7) and (8) are plotted in Fig. 8.
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Figure 8. Stress-Strength plot for deviations of input parameters and ZPP 65mg

The corresponding functional reliability from Fig. 9 and is 99.99 %.
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Figure 9. Energy difference plot for Fig.8

Summary

We developed the function reliability prediction method for the pyrotechnic separation device using

Monte Carlo simulation and simple mathematical model. By fitting the model of pressure cartridge to the
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10 cc Closed Bomb Test result, we can estimate the charge parameters and also predict the performance

simulation corresponding to deviation of each design parameter. Incorporating the pressure cartridge

model to the pyrotechnic separation device model enables us to predict the performance simulation and

functional reliability for multi-design parameters such as the charge mass, O-ring frictional force, and

Ball frictional force.
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ABSTRACT

Surface modification of the double base propellant grains is used to moderate their burning rate
by application of coating agent (deterrent) which decreases the rate of this undesired process. Two
important factors related to the deterrent presence have significant impact on the ballistic performance of
the propellant: (i) the rate of decrease of the deterrent concentration on the propellant surface and (ii) the
rate of its migration into the interior of the propellant grains. Both parameters continuously change during
aging (propellant storage) what may significantly influence the period of time during which the ballistic
requirements of propellants are fulfilled. As the determination of the deterrent concentration on the
surface and its migration rate are often difficult, expensive and time-consuming, the development of the
simulation tools of above processes seems to be of great importance. The present study presents the
results of the simulation of deterrent (Dibutylphtalate) diffusion in double base propellant (K05810). The
simulation was based on the experimental data in which the temperature dependence of the diffusion
coefficients D was determined isothermally at three temperatures. The space concentration profiles C(x,t)
of deterrent, used afterwards for calculation of the diffusion coefficient parameters expressed by
Arrhenius-type dependence, were collected at 65, 70 and 75°C during 63, 27 and 14 days, respectively.
After determination of the deterrent concentration decrease at the surface and the temperature dependence
of the diffusion coefficient D, it was possible to simulate the deterrent spatial concentration in propellant
under any, arbitrarily chosen temperature profile such as oscillatory temperature mode, real atmospheric
temperature profiles or under temperature mode corresponding to atmospheric changes according to
STANAG 2895 [1]. The simulations were done using the AKTS-SML software [2]. The described
simulation method allows an accurate prediction of the shelf-life of propellants under any storage
conditions.

1. Introduction

Propellants can burn so rapidly that the initial rise of pressure in weapons may be faster than
desired. To avoid this unwanted effect, burning rate of the propellants is moderated by applying a surface
coating. Coating agents are usually deterrents which decrease the initial burning rate of the propellant and
therefore, consequently, the rate of evolution of gaseous products. The knowledge of the diffusion rate of
deterrents in propellant grains helps therefore in the surveillance of their ballistic performance. The ability
to simulate the rate of the migration of deterrent into the propellant matrix during storage helps therefore
in predicting the ballistic shelf-life i.e. the period of time during which the ballistic requirements are
fulfilled.
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2. Rate of deterrent diffusion in propellant grains

The simulation of deterrent diffusion in propellant can be done by applying the temperature
dependence of the diffusion coefficients D determined in isothermal experiments. Usually, the amount of
substance which migrates into the bulk material M(t) is measured under isothermal conditions in function
of time. The concentration of migrated substance can be also measured along the diffusion path at a given
time C(x,t). In the current study, the diffusion process was investigated by using FTIR Microspectroscopy
[3] in order to measure the concentration profile C(x,t) in the samples aged in isothermal conditions in the
range of 65-75 °C. A double-base rolled ball propellant taken from 5.56 x 45 mm cartridges (produced in
Germany) was investigated. The flattened grains of propellant can be represented by an ellipsoid with a
great axis of 660 µm and two small axes of 360 m. It was experimentally found in this study that the
change of the deterrent concentration from the surface inwards the grain centre was consistent with Fick’s
diffusion law. The analytical solutions of the differential equations which describe the diffusion processes
under isothermal conditions are known and can be found in general reference books. The solutions of the
differential equations describing the diffusion in the system can be computed assuming the geometry of
plane sheet, cylinder and sphere [4-5]. Because the migration of the deterrent occurs essentially at the
surface, it is worth noting that the consideration of geometry of plane sheet gives already a good
approximation.
To estimate the diffusion coefficient which best fits the experimental data points, the AKTS-SML
software [2], applying non-linear regression algorithm of Levenberg-Marquardt, was used. In simulation
procedure the value of D varied progressively in order to minimize the sum of the squared difference
between the measured and the calculated values of diffusion curves C(t) or concentration profiles C(x,t),
i.e. either the concentration in function of the diffusion time or in function of the diffusion path. In the
present study, the diffusion coefficients were determined by fitting the concentration profiles C(x,t)
measured in samples preliminary stored in ovens at 65, 70 and 75°C during 63, 27 and 14 days,
respectively (see Fig. 1). Assuming the Arrhenius dependency of the diffusion coefficient on the
temperature, the following diffusion coefficient DD,0 = 1.16·109 m2/s and activation enery ED = 161.7
kJ/mol have been evaluated.

When the temperature profile changes (is not isothermal), the diffusion coefficient D is not
constant and the migration can be determined only numerically [2]. After evaluation of activation energy
and pre-exponential factor describing the temperature dependence of the diffusion, the process of
migration of deterrent in bulk materials can be simulated by numerical analysis for any temperature
profile. In addition, the simulations can be performed for any form of the initial concentration profile
C(x,t0) , even if the distribution of the deterrent concentration is irregular along the diffusion path x. This
can happen because the surface modification of propellant is usually performed by an impregnation with a
deterrent, which is present initially only at the surface and continuously migrates up to a certain grain
depth what results in a specific concentration gradient. At the first stage of migration the deterrent
concentration in the interior of the grain can exceed those one at the surface (see results presented in Fig.1
for the layer thickness of ca. 10 m). Later, during the course of diffusion, its concentration progressively
decreases until the critical concentration limit is reached. This point indicates the end of the ballistic life
of the propellant. As a consequence, both, the exact knowledge of the initial concentration of the deterrent
on the surface and the possibility to calculate its spatial concentration decrease for any temperature profile
represent the key indicators which allow tailoring of burning rate during the combustion process.
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Fig. 1 Spatial concentration profiles C(x,t) of the deterrent in double base propellant at time t = 0
and after 63, 27 and 14 days at 65, 70 and 75°C (from top to bottom). The symbols and solid lines

represent the experimental data and simulated dependences, respectively.
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3. Influence of temperature variations on the deterrent diffusion

Propellants are often submitted to temperature fluctuations during their manufacturing, shelf life
or final use. The diffusion coefficient D of the migrants varies exponentially with the temperature,
therefore it is important that predictive tools enable the simulation of the diffusion under real conditions,
when even a small temperature increase can induce a faster migration. Using the AKTS-SML software it
is possible to simulate the concentration of the deterrent in certain grain zone after arbitrarily chosen
aging time and under any temperature profiles such as stepwise variations, oscillatory conditions,
temperature shock, or even real atmospheric temperature profiles. This is especially important for an
accurate simulation of a migration under real storage conditions. Such simulation is presented in Fig.2
where the deterrent concentration at the surface of the propellant is simulated for the temperatures of the
high temperature climatic category A1 according to the STANAG 2895 [1]. This document was originally
established to describe the principal climatic factors which constitute the distinctive climatic
environments found throughout the world and provides guidance on the drafting of the climatic
environmental clauses of requirement documents. This meteorological temperature illustrates the ambient
air temperature measured under standard conditions, whereas storage and transit temperature represents
the air temperature measured inside temporary unventilated field shelter e.g. in railway boxcar which is
exposed to direct solar radiation.

Fig.2 : Prediction of the concentration of the deterrent at the surface of the double base propellant
C(x=0, t) as a function of aging time at temperatures representing the climatic category A1

(according to STANAG 2895 [1]). The minimal acceptable limit of deterrent concentration at the
surface (taken as 7%) is reached after ca. 3.4 years. The scale of the temperature variations applied

in simulation is presented on the right axis.

Determined kinetic parameters characterising the temperature dependence of the diffusion rate (see
description above) can be applied for estimating the value of the diffusion coefficients at any new
temperature and the corresponding concentration profile at any time. The minimal acceptable limit of
deterrent concentration at the surface (in the present example taken as 7%) is reached after ca. 3.4 years
(see Fig. 2). Due to the fact that the ballistic performance is directly dependent on the deterrent
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concentration profile its knowledge may help in evaluation after which shelf life time the ballistic
requirements will be still fulfilled. Presented simulation indicates that migration of the deterrent in the
propellant strongly depends on the temperature profile during shelf life. By extension, implementing any
climatic variations into the programme, it is possible to forecast the average deterrent concentration at the
surface of propellants for any climatic zone.

4. Conclusion

The diffusion of the deterrents from the surface into the interior of grains during long-time
storage may significantly reduce the shelf life of the propellant. This study has demonstrated some
advantages and possibilities of the numerical approximation of the diffusion process of deterrent in the
propellant. Comparison of the experimental results with the simulated migration curves shows their
excellent fit. This confirms that the applied diffusion modelling is correct even when the diffusion
coefficient of the migrant is not constant during the aging time. Presented results demonstrate clearly that
a small temperature variation, even over a short period of time, can lead to large deviations in the
concentration profiles of diffusing deterrent. Additionally, the applied diffusion modelling software
allows simulating the time dependence of the average deterrent concentration in the inner zone of the
propellant grains during storage at arbitrarily chosen temperature profiles including STANAG 2895.
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ABSTRACT 
The activation of an explosive train by an optical device in place of an electrical detonator impli-
cates advantages in regard to safety. Due to the replacement of the electrical wiring between firing 
unit and detonator with fibre optics the vulnerability by EMP or ESD is reduced to a large extent. 
Especially in complex multi-point firing systems with long lead wires the optical initiation could be 
the favoured solution. 

For the use in an active protection system for armoured vehicles (manufactured by ADS) the optical 
detonator OD 06 has been developed, qualified and introduced to series production. The robust 
detonator OD 06 is equipped with a commercially available multimode optical fibre and is linked to 
the laser diode by a ST-connector. Ignition results from a 10µs-impulse of the laser diode. The all-
fire energy is about 130 µJ. Meeting these firing conditions the reaction time of the detonator is less 
than 30 µs. Proper function and short reaction time have been verified in the temperature range 
from -32°C to +63°C. The output power of the optical detonator OD 06 is equivalent to the blasting 
cap No. 8. 

The BNCP-based explosive compositions used in the detonator OD 06 are qualified according to 
STANAG 4170. 

 

1 Introduction 
The development of optical detonators goes back to the 60s of the last century [1]. Since laser 
diodes became cheap the ignition of explosives by laser radiation is of interest for a variety of ap-
plications. This technique offers big advantages compared to conventional electric detonators. 
Firstly the optical detonator and the fibre optics transferring the energy to it are completely immune 
against electro-magnetic interference. Secondly the energy losses in the fibre optics are negligible 
even if there is a long distance between detonator and firing unit. Especially this property is impor-
tant in combination with primary-explosive-free optical detonators compared to electric EFI- and 
EBW-systems, which require a short transmission line. 

There are a lot of laser ignition systems on the market. Some of them are using primary explosives 
[2] others (more recent developments) are completely free of primary explosives [3]. This offers the 
opportunity to build in-line-systems according to STANAG 4187. The main drawback of such sys-
tems is the relatively long reaction time when conventional laser diodes are used. Typical values are 
in the range of 0.1 ms.  
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The characteristics of optical detonators can provide benefits for the initiation of counterm
used in active protection systems. Therefore ADS and DynITEC have developed, qualified and i
troduced to series production an optical detonator containing explosive mixtures based on 
(5-nitrotetrazolato)tetraminecobalt(III)
the results of the qualification of the explosives and the detonator are described.

 

2 Detonator design and characteristics
A photo and a schematic drawing 

 

Figure 1: Optical detonator OD06 
- Photo with fibre optics 
- Schematic drawing 

 

The detonator OD06 consists of the metal housing, 
explosive charges. The metal housing is made 
connector is glued to the detonator and can be removed
diameter of 100 µm is used. The fibre is in direct contact with the ignition charge without any opt
cal focussing. Inside the detonator there are three explosive charges. The ignition and the transmi
sion charges are made of pressed BNCP
of PBXN-7. 

The reaction of the high density ignition charge is started by a short (10
diode connected to the far end of the fibre optic
the low density transmission charge and the output power is achieved by full detonation of the 
PBXN-7 charge. Figure 2 shows the set
item is pressed by a spring operated holder to the witness plate. 
calculated as the difference between the start of the laser impulse and the beginning of the light 
emission caused by the detonation. 
fibre fixed in a centered hole in the wit
out in the witness plate. 

The characteristics of optical detonators can provide benefits for the initiation of counterm
used in active protection systems. Therefore ADS and DynITEC have developed, qualified and i
troduced to series production an optical detonator containing explosive mixtures based on 

cobalt(III))perchlorate (better known as BNCP). In the present p
the results of the qualification of the explosives and the detonator are described.

and characteristics 
schematic drawing of the optical detonator (type OD06) are shown in 

 

The detonator OD06 consists of the metal housing, the ST-connector with fibre optic
explosive charges. The metal housing is made up of three aluminium components

to the detonator and can be removed no more. A step-index glass fibre with core 
The fibre is in direct contact with the ignition charge without any opt

cal focussing. Inside the detonator there are three explosive charges. The ignition and the transmi
pressed BNCP-based explosive compositions. The ou

The reaction of the high density ignition charge is started by a short (10 µs) impulse from the laser 
diode connected to the far end of the fibre optics. A deflagration-to-detonation transition

nsmission charge and the output power is achieved by full detonation of the 
shows the set-up for the function test of the detonator OD06. 

item is pressed by a spring operated holder to the witness plate. The reaction time of the detonator is 
difference between the start of the laser impulse and the beginning of the light 

emission caused by the detonation. The light emission is transmitted to a photo diode
d in a centered hole in the witness plate. The output power is verified by the hole

 

The characteristics of optical detonators can provide benefits for the initiation of countermeasures 
used in active protection systems. Therefore ADS and DynITEC have developed, qualified and in-
troduced to series production an optical detonator containing explosive mixtures based on (cis-bis-

(better known as BNCP). In the present paper 
the results of the qualification of the explosives and the detonator are described. 

shown in Figure 1.  

 

connector with fibre optics and three 
components. The ST-

index glass fibre with core 
The fibre is in direct contact with the ignition charge without any opti-

cal focussing. Inside the detonator there are three explosive charges. The ignition and the transmis-
based explosive compositions. The output charge consists 

µs) impulse from the laser 
detonation transition happens in 

nsmission charge and the output power is achieved by full detonation of the 
function test of the detonator OD06. The test 

The reaction time of the detonator is 
difference between the start of the laser impulse and the beginning of the light 

transmitted to a photo diode by an optical 
The output power is verified by the hole punched 
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Figure 2: Function test of the optical detonator OD06 
- Set-up for function test 
- Penetration of witness plate (Al 40 x 40 x 5 mm); Diameter: approximately 10 mm 

The main characteristics of the optical detonator OD06 are summarized in Table 1. 

 
Table 1: Characteristics of the optical detonator OD06  

The detonator is equipped with a plastic coated multimode glass fibre. Fibre length can be fitted to 
customer’s requirements (typical 1 – 5 m). Standard ST-connector is used for connection to the la-
ser diode. The detonator is initiated by a 10µs-impulse of the laser diode (wave length: 920 nm). In 
this mode the all- and no-fire-energy are 130 µJ respectively 20µJ. The detonator is safe against 
stray light from the sun or conventional light sources assumed that no optical focussing system is 
used to couple in light at the fibre end. 

The reaction time is less than 30 µs. Typical results from lot acceptance tests are in the range from 
12 to 16 µs with a mean value of 14 µs and a standard deviation around 1.5 µs. The detonator can 
be operated from -32°C up to 63°C. Storage temperature is between -54°C and +71°C.  

 

3 Explosives 
The ignition and the transmission charges play the most important role for the proper function of the 
detonator. The used explosive mixtures are named DPX-402 and DPX-403 and both are based on 
the explosive BNCP. The composition of the materials is shown in Table 2. 

Optical fibre
Multimode, plastic coated glas fibre

typical length: 1 – 5 m; ST-connector

Firing energy

- All-Fire 130 µJ

- No-Fire   20 µJ

Reaction time   ≤ 30 µs

Temperature

- Function -32°C - +63°C

- Storage -54°C - +71°C

Environmental tests According to German TL 1375-1000 and AOP-20

Explosives

- Total amount ≈ 1.4 g

- Qualifikation according STANAG 4170

- Compatibility according STANAG 4147

Package 1.4 s
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The explosive BNCP is produced by DynITEC. To improve its purity the crude BNCP is recrystal-
lized from hot water resulting in a content of more than 99 %. The crystal shape of BNCP is shown 
in Figure 3. 

DSC curve, FTIR spectrum and HPLC chromatogram of pure BNCP are shown in Figures 4 to 6. 

 

Figure 4: DSC curve of BNCP (Heating rate: 5 K/min): High purity BNCP shows good  thermal stability. 

 

Figure 5: FTIR Spectrum of pure BNCP 

 

Table 2: Composition of DPX-402 and DPX-403 (ex-
pressed as a percentage) 

 
 

Figure 3  Microscopic Pictures of BNCP: regular, 
well-formed crystals indicating high purity 
BNCP 

DPX-402 DPX-403

BNCP 95 32

Optical sensitizer 1 < 1

HMX - 67

Binder 4 -
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Figure 6: HPLC of high purity BNCP: The chromatogram shows

BNCP and the explosive mixtures DPX
4170 as primary explosives. The qualification has been performed by TNO (The Netherlands). 
results are summarized in Table 3

The thermal characterization by means of DSC and TGA has been performed three times with each 
explosive using a heating rate of 2 K/min. Derived from the DSC curves the pure BNCP shows the 
highest energy content compared to DPX
temperatures are determined from the TGA curves. The curves of pure BNCP show a sharper and 
lower mass loss than DPX-402 and DPX

Table 3: Qualification results of BNCP, DPX

The results for the electrostatic discharge sensitivity are derived from Bruceton
per explosive material. The range of the mean value is denoted in 
the most sensitive substance in this test series
electrostatic discharge. For comparison, the sensitivity of RDX is about 55

The friction sensitivity was measured with 
the highest level, where in 10 trials no reaction of the explosive is observed. 
which can be adjusted using the standard machine, is 5 N. BNCP and DPX
est level. DPX-403 is less sensitive (9 N). All three explosives have to be classified as very sens
tive to friction. 

The sensitivity to impact was measured with the BAM Fallhammer apparatus. 
pressed as the highest level, where in 10 tria
less sensitive (7.5 J) than BNCP (2
be treated as sensitive to impact. 

Parameter Regulation

Stability and thermal characterisation STANAG 4515

Ignition temperature STANAG 4515

Electrostatic discharge STANAG 4490

Friction AOP-7

Impact AOP-7

Variation of properties with age AOP-7

ty BNCP: The chromatogram shows more than 99 % of the area counts of the BNCP peak.

BNCP and the explosive mixtures DPX-402 and DPX-403 are qualified according to STANAG 
The qualification has been performed by TNO (The Netherlands). 

3 [4]. 

The thermal characterization by means of DSC and TGA has been performed three times with each 
explosive using a heating rate of 2 K/min. Derived from the DSC curves the pure BNCP shows the 

energy content compared to DPX-402 and DPX-403 (lowest energy content). The ignition 
temperatures are determined from the TGA curves. The curves of pure BNCP show a sharper and 

402 and DPX-403. 

Qualification results of BNCP, DPX-402 and DPX-403 [4] 

sults for the electrostatic discharge sensitivity are derived from Bruceton
per explosive material. The range of the mean value is denoted in Table 3. Although 

in this test series, all explosives must be classified as very sensitive to 
For comparison, the sensitivity of RDX is about 55 mJ.

The friction sensitivity was measured with the BAM friction machine. The results are expressed as 
the highest level, where in 10 trials no reaction of the explosive is observed. The lowest level, 
which can be adjusted using the standard machine, is 5 N. BNCP and DPX-40

is less sensitive (9 N). All three explosives have to be classified as very sens

The sensitivity to impact was measured with the BAM Fallhammer apparatus. 
pressed as the highest level, where in 10 trials no reaction of the explosive is observed.
less sensitive (7.5 J) than BNCP (2 J) and DPX-402 (1 J). Nevertheless all three explosives have to 

 

Regulation Procedure Unit BNCP

STANAG 4515 DSC & TGA �

STANAG 4515 TGA °C 237

STANAG 4490 AOP-7 (CZ/201.03.001) mJ 17 - 19

AOP-7 BAM friction machine N < 5

AOP-7 BAM Fallhammer apparatus Nm 7.5

AOP-7 Thermal characterisation 

after ageing period

4 weeks/+71°C
�

 

 

area counts of the BNCP peak. 

403 are qualified according to STANAG 
The qualification has been performed by TNO (The Netherlands). The 

The thermal characterization by means of DSC and TGA has been performed three times with each 
explosive using a heating rate of 2 K/min. Derived from the DSC curves the pure BNCP shows the 

gy content). The ignition 
temperatures are determined from the TGA curves. The curves of pure BNCP show a sharper and 

 

sults for the electrostatic discharge sensitivity are derived from Bruceton-tests with 20 trials 
. Although pure BNCP is 

, all explosives must be classified as very sensitive to 
mJ. 

The results are expressed as 
The lowest level, 

402 reacted at this low-
is less sensitive (9 N). All three explosives have to be classified as very sensi-

The sensitivity to impact was measured with the BAM Fallhammer apparatus. The results are ex-
ls no reaction of the explosive is observed. DPX-403 is 

J). Nevertheless all three explosives have to 

BNCP DPX-402 DPX-403

� � �

237 215 199

17 - 19 23 - 25 23 - 26

< 5 < 5 9

7.5 2 1

� � �
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For accelerated ageing samples of the explosives had been stored at +71° during four weeks. After 
storage DSC and TGA analysis were conducted. No significant change of thermal stability and be-
haviour was observed.  

4 Detonator qualification 
The detonator OD06 has been qualified according to a test plan based on the German regulation 
TL 1375-1000 for detonating devices. The test plan includes the following tests: 

• Jolt test (AOP-20 A1) 

• 12m drop test (AOP-20 A3) 

• Temperature and humidity test (AOP-20 C1) 

• Extreme temperatures (AOP-20 C6) 

• Thermal shock test (AOP-20 C7) 

• Transport vibration at ambient temperature (AOP-20 B1) 

• Water tightness (AOP-20 C4) 

After the environmental preloading the test items were subjected to no-fire and functional test. For 
comparison also unstressed detonators were tested. All the tests have been performed by TNO (The 
Netherlands). The results are shown in Table 4 [5]. 

 
Table 4: Results of qualification (RT: room temperature) [5] 

During the environmental tests no reaction of the test detonators has been observed. The no-fire test 
was successfully performed on 28 detonators without reaction. 72 detonators were subjected to the 
function test. Two failures occurred: one after the jolt test and the other after temperature and hu-
midity test. The cause of the failures is assumed in the damage of the fibre optics. 

5 Conclusion 
The optical detonator OD06 and the containing explosive mixtures have been successfully quali-
fied. The explosives DPX-402 and DPX-403 comply with the minimum requirements of STANAG 
4170 and AOP-7 for primary explosives. The mixtures do not meet the requirements for a booster 
explosive according to AOP-7, but they are less sensitive than typical primary explosives like lead 
azide or silver azide.  

The detonator OD06 can be subjected to the normal environmental test program. Afterwards the 
detonator fulfils the main functional requirements. The observed failures in the qualification are 
probably caused by an inadequate handling of the optical fibre during the environmental test. 

No-fire test

Test Regulation n RT -32°C RT +63°C

Jolt AOP-20 A1 10 4 - 0 6 - 1

12m drop AOP-20 A3 10 4 - 0 6 - 0

Temperature and humidity AOP-20 C1 22 4 - 0 6 - 1 6 - 0 6 - 0

Extreme temperatures AOP-20 C6 10 4 - 0 6 - 0

Thermal shock AOP-20 C7 10 4 - 0 6 - 0

Thermal shock &

Transport vibration

AOP-20 C7

AOP-20 B1
10 4 - 0 6 - 0

Thermal shock &

Transport vibration &

Water tightness

AOP-20 C7

AOP-20 B1

AOP-20 C4

10 4 - 0 6 - 0

Unstressed 18 6 - 0 6 - 0 6 - 0

Functional test
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In the meantime the detonator OD06 has been introduced to series production. The production vol-
ume is in the range of about 10,000 detonators. In the related lot acceptance tests about 500 detona-
tors have been successfully tested without any failure. This result corresponds to a reliability level 
better than 99.4 % (confidence level 95 %). 
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Abstract 

Direct heat transfer is defined as a process by which heat transfer is achieved without any thermal 

barrier or resistance from one medium to another while Indirect heat transfer is achieved by transfer of heat 

via a thermal barrier or resistance. For one of our requirements, it was necessary to achieve fast melting of 

Tin metal without generating excessive pressure buildup in the test vessel. Pyrotechnic mixtures such as 

thermites are known to generate very high temperatures and heat without producing high pressures, the 

reason being that most of the reaction occurs in solid/liquid phase and very little gas is released, keeping 

the pressure levels to lower values. Use of such pyrotechnic mixtures was considered initially for such 

applications.     

Keeping in view the requirements, pyrotechnic mixtures such as Al/KClO4 and Al/Fe2O3 were 

chosen for study based on various parameters such as calorimetric values, ease of handling and storage, 

easy availability of ingredients, safe processing parameters etc. Al/Fe2O3 is known to give comparatively 

low heat output but also very little gases while Al/KClO4 has a very high heat output but gases produced 

are also higher. Thermochemical calculations predicted various parameters such as amounts of gases 

produced, heat of reactions, temperatures etc. Based on the generated data, heat transfer analysis of the test 

vessel along with pyrotechnic mixtures and Tin metal indicated that Direct heat transfer is best suited for 

Al/Fe2O3 while Indirect heat transfer can be suitably used for the test vessel with Al/KClO4.    

Various parameters were experimentally evaluated for both the pyrotechnic mixtures such as 

Calorimetric values, friction and impact sensitivities, and pressure generated in closed vessel etc. A scale 

down model of the test vessel was designed for both Direct and Indirect heat transfers. Both the pyrotechnic 

mixtures were prepared and process parameters were established for obtaining the desired density of the 

pyrotechnic mixtures in pellet form. Dimensions of Ø25x8 mm was finalised for Al/Fe2O3 pellet while for 

Al/KClO4, it was finalised as Ø10x8mm. The pellets were obtained by applying suitable loads using 

hydraulic press. The test vessel has pyrotechnic mixtures centrally located in longitudinal channels with 

Tin metal surrounding the pyrotechnic mixtures. Initiation of pyrotechnic mixtures was done by Pyro 

cartridges and upon initiation heat was transferred from pyrotechnic mixtures to Tin metal. In case of Direct 

heat transfer, Al/KClO4 was placed in a tubular wire mesh, so that the heat transfer is made directly to the 

surrounding Tin metal while in case of Indirect heat transfer, Al/Fe2O3 was placed in a metal tube and the 

heat transfer was achieved from pyrotechnic mixtures to metal tube and then to the surrounding Tin metal.  

The test vessel was provided with thermocouples at various locations for capturing the temperature 

data. Pressure transducer was located in the vessel for analyzing the pressure values. Experimental 

evaluation of both the test vessels indicated that Direct heating provided a very fast heat transfer thereby 

melting the Tin metal within 3s. Peak pressure obtained was in excess of 17 MPa. Tin melting in case of 

indirect heating took longer times which was in excess of 5s. Pressure was not exerted inside the test vessel 

as burning of the pyrotechnic mixtures took place in the metal tubes and thus the pressure buildup was 

inside the metal tubes. In view of the above results, indirect heat transfer was chosen for the given 

application, keeping in view the requirements of melting time and pressure.  

 The preparation of formulations, design of vessel, thermo chemical calculations, experimental 

evaluation and the test results enumerating the aspects of Direct versus Indirect heat transfer will be 

discussed and elaborated in this paper. 
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ABSTRACT 
 

One of most significant factors driving performance in pyrotechnic devices are functional temperatures.  
Often in the design of pyrotechnic devices, this factor finds its predication by employing theoretical 
calculations, which are adequate when using small-scale material tests and rudimentary physical 
demonstrations, but consequently yield little in terms of specific data (i.e., true operating or temperature 
variance) in these devices. 
 
In our recent work, we engage a novel approach using midrange-infrared thermal imaging technology to 
capture in-situ two-dimensional images of functional temperature from samples dramatically evolving 
over burn time.  In our test iterations, we report measuring sustainable temperatures above 2500⁰C for 
periods upward to 45 seconds with accuracy and repeatability.  Our methodology touts many benefits 
over other exotic methods using extreme high temperatures by virtue of its portability and capability to 
measure thermal flux of full-up pyrotechnic devices.  One of the key developments of our work is our 
ability to derive the emissivity of a functioning pyrotechnic, an essential data component to ascertain 
accurate temperature measurements when using thermal imagery. 
 
Detailed performance information such as directional heat transfer rates and temperature distribution 
profiles garnered from our use of thermal imagery provides insight into pyrotechnic device design, 
prototype testing, and failure mode diagnosis for use in continuous improvement efforts and quality 
assurance initiatives. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

431



 UNCLASSIFIED  

UNCLASSIFIED 
Distribution Statement A; Approved for public release; distribution is unlimited 

 

 
 

Introduction 
 
The purpose of this experiment is to develop a quantitative measurement methodology for high 

temperature pyrotechnics (>2500°C) which yields results in precise and accurate variable data. In this 
work, the midrange-infrared thermal imaging technology is employed to examine a newly developed 
pyrotechnic.  The technology captures in-situ two-dimensional temperature images of functioning 
pyrotechnics, which evolve dramatically over time. The imagery was conducted on 346 test samples from 
4 individual production groups. Measurements were captured for functioning test articles in 16 test 
configurations using 3 different instrumentation configurations.  

The results demonstrate that the methodology is repeatable and sensitive enough to identify 
disparity between testing groups as well as test article configurations. The measurements taken show a 
clear statistical distinction between test samples pre-conditioned at cold, hot and ambient temperatures. It 
is also possible to measure variance within a group and perform group to group comparisons to 
characterize findings into actionable data such as process control measurements or identifying trends.  

In this work it has been documented that pre-conditioned cold test samples burned hotter than 
ambient or hot conditioned samples. The largest amount of variance was witnessed in the vertical, hot 
conditioned samples with a standard deviation of 295°C. The average peak temperatures were measured 
1899°C ambient, 2525°C cold, and 2395°C hot for the vertical groups and 2373°C ambient, 2527°C cold, 
and 2186 °C hot for the horizontal groups.  

Many of our samples were tested using this methodology in parallel with the traditional test method 
established for the pyrotechnic. The traditional test method uses a 1/8” steel target plate as a substrate. For 
this traditional type of performance test, the pyrotechnic device must penetrate the target in order to be 
deemed acceptable. For the thermal imagery study, samples were tested in vertical and horizontal 
configurations atop the steel substrate. It was found that there is a strong correlation between the burning 
core’s distance from the target and penetration time.  For comparison; 109 test samples were tested in the 
3 pre-conditioned states in a horizontal orientation on the test surface. Horizontal samples showed a 
significantly shorter penetration time (12.4 s average) in comparison to samples tested in the vertical 
position (27.0 s average); despite a slightly lower average peak burn temperature. This signifies the 
importance of the proximity of the burning core in relation to the target. It’s inferred that effective 
performance is strongly associated with conductive heat transfer.  

It’s expected that the technology can be developed into a standard engineering tool for the 
Pyrotechnic community as well as a standard test methodology which is crucial to facilitate: failure mode 
diagnosis, continuous improvement, quality control and future development of pyrotechnic devices. 

 
 

Experimental Section 
 

Test Samples: 
 
 Test samples are comprised of a high functioning temperature pyrotechnic that is consolidated 
within a steel body which is cylindrical in form. Typically, the test sample is initiated with a standard, 
pull pin/ release lever, pyrotechnic delay fuze. In a few unique test configurations an electric match was 
used for initiation. For this study, a total of 346 test samples were tested in various configurations. 
Specific quantities and test configurations can be seen in Table-1. The majority of the test samples were 
randomly selected from production representative populations.  
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Figure 1- Test Sample- Thermal Imaging Experiment 
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Instrumentation: 
 

List: 

- (2) Standard Stopwatch 
 

- (2) FLIR Cameras: FLIR SC6700 
- Lens: Janos 100mm F2.5 1-5um 
- IR Filter: Narrow Bandpass: 

o Spectrogon P/N 2220-010 nm 
o Spectrogon P/N 3950-035 nm 

- Neutral Density Filters: 
o Spectrogon P/N ND-IR-OD-2.0 (Optical Density 2 - IR) 
o Spectrogon P/N ND-IR-OD-3.0 (Optical Density 3 – IR) 
o Spectrogon P/N ND-VIS-OD-2.0 (Optical Density 2 – Near IR) 
o Spectrogon P/N ND-VIS- OD-3.0 (Optical Density 3 – Near IR) 

 

 For this work, the FLIR SC6700 model camera was used to capture thermal images of 
functioning test samples. The FLIR SC6700 is a highly flexible science grade infrared camera capable of 
high speed and high resolution infrared recordings. The integration times were adjusted appropriately to 
ensure capture of the maximum amount of data with minimal saturation. 
 One camera was set to capture 10 frames per second with a Janos 100mm F2.5 1-5µm Lens, a 
1.5µm to 3µm (near IR) type Bandpass filter and a Thorlabs NENIR40  Neutral Density filter for Phase 1 
testing of 118 test samples.  
 Subsequently, Phase 2 testing included the use of 2 FLIR SC6700 cameras set up in parallel with 
2 different notch filter configurations. The use of 2 cameras in Phase 2 testing was deemed necessary to 
derive the value for emissivity of the functioning pyrotechnic; an unknown at the onset of this initiative. 
The 2 differing filter configurations were used to measure narrow bands of energy within the Mid-IR 
range. An emissivity independent temperature was derived using the ratio of the values measured and 
Planck’s Law of electromagnetic radiation. One camera used 2.21µm- 2.23µm (5% cut on/ off points) and 
the other used 3.91µm- 3.99µm which appear in separate atmospheric windows thereby simplifying the 
calibration calculations to determine a test samples temperature when post processing the raw data. Both 
cameras were set to capture 10 frames per second. A total of 215 samples were tested during Phase 2.  
 Phase 3 used the same instrumentation configuration as Phase 2 and a total of 13 samples were 
tested. 
 For all the testing, the data was linked from the camera to the laptop computer software with a 
digital camera link. The data processing software used for data processing is FLIR ExaminIR and RTools 
with the calibration calculations derived in this study applied to the raw data in order to reduce the data 
into accurate temperature measurements.  

A tungsten halogen lamp was used at the test sites for setting initial aim and focus of the cameras 
due to the neutral density filters and distance between the instrumentation and test site. The lamp was 
positioned close as possible to the test site and faced towards the cameras.  

Following the phase 2 and 3 tests, both cameras were calibrated using a CI Systems SR-20 
blackbody source. The exact calibration method will be discussed in more depth in the Results section 
enclosed (See Results Section: Defining the Emissivity of Burning Pyrotechnic).  
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Test Site Configuration: 
 
 The Phase 1 testing was conducted on 118 test samples. Ninety six of these samples were 
randomly selected from one production representative population. These 96 tests were conducted on 
samples using one configuration where the test samples are placed, in a vertical orientation, on a 
10”x10”x1/8” steel target plate and functioned statically. Traditionally this type of sample would be 
required to penetrate the steel target in order to qualify a production lot as functionally acceptable. In the 
testing of this sample, the Thermal Imager was mounted on a tripod approximately level with the test 
fixture and stood off approximately 50’ from the test sample (See Figure 2A). 
 
 

 

Figure 2A- Phase 1: Vertical Test Configuration 
 
 

Phase 2 testing was conducted on samples in various configurations (See table 1). A total of 215 
samples were tested. Of these, approximately half were tested in the vertical orientation and half in the 
horizontal orientation (See Figure 2B for horizontal orientation graphic). Two cameras, set up parallel to 
each other and approximately 50’ from the test site, were employed for phase 2 testing. In order to 
capture data in both orientations without moving the instrumentation for each configuration the cameras 
were set up at a slightly higher elevation then the test site and angled down at the burning core 
(approximately a 10° angle).  

It was identified during testing that a clear view of the burning core culminates in the best results as 
far as data collection is concerned. The pyrotechnic we used in this study creates smoke with a high 
particulate content. The smoke becomes opaque and has potential to block or temporarily obscure the 
burning core, thereby interrupting the Infrared signal. This effect is exacerbated depending on the weather 
conditions and wind direction at the outdoor test ranges used in all three of the test phases for this 
initiative. A generic shop fan was used in an attempt to direct smoke away during the testing for Phase 2 
(See Figure 2C). The data showed that this approach only had marginal effectiveness; therefore the shop 
fan was not used during phase 3 testing. The team recommends an enclosed test environment and a 
robust, smoke evacuating, exhaust system to acquire more accurate results and greatly reduce variability 
in the test data acquired. 
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Figure 2B: Horizontal Test Configuration 
 

 

 

Figure 2C: Test Configuration 
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Phase 3 testing was conducted with a similar test site configuration as Phase 1 testing depicted in 
figure 1. The test articles for Phase 3 were orientated in a vertical position and tested at the ambient 
condition. A plywood substrate was used as the test article platform in lieu of the 1/8” steel target plates 
which were used in both Phase 1 and Phase 2 testing. All of the Phase 3 test articles were initiated with 
electric matches in lieu of the standard fuze used in the other phases. One small pyrotechnic batch was 
mixed to build the ten test samples. Three samples were built as a control group and made with average 
pyrotechnic mixture particle sizes, three were built with only less than 1.0 mm particles and three with 
only greater than 3.3 mm particle sizes.  

 
 

Results 
 
There were several findings identified in the course of this study which will be extremely 

valuable to the pyrotechnic community. The results of the experiments conducted are as follows: 
 

Effects on Temperatures for Conditioned Samples: 
 
 Samples were pre-conditioned and tested in hot (52°C), cold (10°C) and ambient (22°C) 
conditions. The results for these tests show a clear statistical distinction between sample groups 
tested in hot, cold or ambient pre-conditions (See Figure 3A&3B).  
 

 
Figure 3A: Probability of Occurrence for Vertically Orientated Test Samples 
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Figure 3B: Probability of Occurrence for Horizontally Orientated Test Samples 

 
  

Based on statistical analysis of the data we can conclude that pre-conditioned cold test 
samples burned hotter than ambient or hot conditions, regardless of test article orientation. The 
largest amount of variance was witnessed in the hot, vertical group with a standard deviation of 
295°C. Horizontally orientated groups exhibited much less variation than the vertical groups. 
The average peak temperatures of the vertical groups were measured at 1899°C ambient, 2525°C 
cold, and 2395°C hot.  For the horizontal groups, the average peak temperatures were measured 
at 2373°C ambient, 2527 °C cold, and 2186 °C hot. The vertical, ambient group data for phase 2 
testing is out of family. It has been determined, by reviewing recorded imagery, that this group 
experienced more smoke obscuration than the other groups. This is likely due to the weather 
conditions during the test. Smoke obscuration blocks the IR signal of the burning core from the 
array and can cause the data to include false temperature drops of up to 1000°C. Since the plots 
above are a summary of the average of all the data for each group, an excessive amount of smoke 
obscuration will cause the data to have a lower than true average temperature plot.  
 Another finding is that total burn time and penetration time are also affected by test 
article temperature conditioning. Overall, the temperature conditioning affects are far more 
pronounced at cold than at ambient or hot (See Figures 4A & 4B).  
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Figure 4A- Total Burn Time 
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Figure 4B- Penetration Time 
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Importance of Heat Transfer and Burning Core Distance from Test Surface: 
 
 Samples were tested in both the horizontal and vertical positions (See table 1). Overall, it 
was found that samples tested in horizontal orientation burned at a slightly lower average peak 
temperature than those tested in the vertical orientation. However, the horizontal test articles 
exhibited a significantly shorter target plate penetration time in comparison to samples tested in 
the vertical position (See Figure 5).This signifies the importance of the proximity of the burning 
core in relation to the target. It’s inferred that effective performance is strongly associated with 
conductive heat transfer. 
 This finding is significant because it provides insight into the functional characteristics of 
the device in terms of its geometric design and the application strategies currently employed. It is 
possible to use this methodology to perform design studies which take into account the delivery 
system’s geometry to enhance performance (such as designing devices that function more 
efficiently). Furthermore, studies can be conducted using this methodology to provide more 
detail about functional performance. Measurements can be made on characteristics such as 
evolving thermal profile, total heat density or energy output and pyrotechnic material fluid 
mechanics.  
 

Figure 5 – Phase 2 individual test sample line chart comparison 
 
Vertical vs. Horizontal: 
 
 The data revealed some surprising results in side by side comparison of the vertically orientated 
test articles to horizontal. It is evident that the vertically orientated test samples burned hotter and faster 
than the horizontally orientated samples (See Figures 4A & 5).  

The theory is that there are two contributing factors that make the horizontal test articles burn 
cooler. One factor is that for this experiment most of the horizontal samples were positioned on top of the 

Horizontal 
Penetration 

Vertical 
Penetration 
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steel target plate. This results in the burning core being in contact with the target plate from initiation 
through the extent of the burn. Therefore, thermal conduction was initiated immediately which absorbed 
some of the heat from the sample’s burning core and cooled the sample’s overall temperature 
measurements. The second factor is that as the pyrotechnic reaction occurs, some of the mix tends to 
liquefy. In horizontal samples, this molten material has the tendency to flow out of the test body and onto 
the target plate, therefore spreading out and exposing more surface area to the atmosphere. Consequently, 
this had the tendency to enhance the penetration performance of the test sample and results in 
significantly shorter penetration times for the horizontally orientated test articles (See Figures 4B). In 
vertically orientated samples, much of the molten material is contained by the test body walls and 
therefore limits the pyrotechnic reaction’s exposure to the atmosphere. Also, thermal conduction between 
the burning core and the target plate doesn’t occur in the vertically orientated samples until very late in 
the burn. 
 
1/3 Pyrotechnic Fill: Pyrotechnic Burning Temperature and Pyrotechnic Quantity are Mutually 
Exclusive: 
 

Eight tests were conducted with significantly less pyrotechnic fill (approximately 1/3) than 
contained in a standard sample. Statistical temperature analysis of these eight samples shows that the burn 
temperatures fall within the family of the fully loaded test articles. All eight samples were tested on the 
steel target plates. For comparison sake, four samples were tested in the vertical position and four in the 
horizontal position. The horizontal tests were able to penetrate the targets; whereas the vertical samples 
were unable to achieve penetration. This is further evidence supporting the significance of the burning 
core proximity to the target surface. In fully loaded test articles, tested in the vertical position, the length 
of the reaction time is able to preheat the target enough, through thermal radiation, that when the burning 
core approaches the target it is able to achieve penetration. 

 
Phase 3 Results: Particle Sizes and Temperature Measurement: 
 
 For this study, three controlled groups of test samples were built with varying particles sizes. To 
start, one batch of pyrotechnic mix was assembled using standard practices and then separated into three 
groups (small, unaltered, and large particle sizes). A quantity of unaltered mix was set aside. A sieve was 
used to separate all of the small particles, 1.0mm and smaller, to form the small group. Another sieve was 
used to separate all of the large particles, greater than 3.3mm. Test bodies were then filled with the three 
different groups.  

 It has long been known that changes in component particle sizes of a pyrotechnic mixture tend to 
affect the burn temperature of most pyrotechnic devices. Our assumption, when we designed the varied 
particle size test, was that the pyrotechnic we used would exhibit the same phenomena. Surprisingly, the 
results showed no statistically significant difference between the three control groups. Our theory is that 
the quantity of material and the pyrotechnic formula we are using causes the mix to become extremely 
robust and able to withstand significant variance in ingredient particle sizes with little effect on 
performance. Our basis for this theory is our proven ability to measure and statistically differentiate the 
slight differences in performance when test samples are exhibited to temperature conditioning and 
orientation changes, yet unable to detect differences in the particle size control groups. Unfortunately, due 
to funding restrictions, only a very small sample could be tested. Therefore, a definitive conclusion 
cannot be drawn from the data collected. 
 
Deriving the Emissivity of a Burning Pyrotechnic: 
 
 The great unknown for this experiment was the emissivity of the pyrotechnic used in the tests. 
Emissivity is defined as the ratio of the radiant energy emitted by a surface to that emitted by a blackbody 
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at the same temperature ("Emissivity." Merriam-Webster.com. Merriam-Webster, n.d. Web. 14 Jan. 2014. 
http://www.merriam-webster.com/dictionary/emissivity). An objects emissivity is a multiplicative value 
(0 ≤ ε ≤ 1). An emissivity value of 1 is considered to be an ideal blackbody (highly emissive). Emissivity 
of 0 is highly reflective (a relatively hot item may appear ambient temperature due to reflections of 
surroundings). Between 0 and 1 is considered “greybody” like. Most material items in nature fall into the 
“greybody” like category, and our pyrotechnic test articles are no exception. Many emissivity coefficients 
have been calculated for specific materials and can be looked up as constant variables recorded in 
technical handbooks. However, no emissivity value had yet been identified for the pyrotechnic used in 
this experiment.  
 To determine the emissivity, three independent strategies were employed. As many of the other 
variables to determine the temperature are constants or known values, an estimation of emissivity sufficed 
for the initial analysis of the phase 1 testing. Using NASA CEA code; a theoretical maximum temperature 
for the pyrotechnic composition was determined to be 2527 C. The peak measured temperature was 
recorded from each frame and the emissivity was empirically adjusted to a value of 0.7 to give similar 
peak temperatures as predicted. 
 Subsequently, a second, more accurate method of determining emissivity was applied to the 
phase 1 test data. Upon further review of the phase 1 data and recorded imagery, it was determined that 
measurements could be taken of the first droplet of molten steel from target plate penetration. The 
emissivity of molten steel is a known value that can be looked up in the handbooks. The data for the 
pyrotechnic was then normalized about the emissivity for molten steel (See Figure 7).   
 

Figure 7 – First Drop of Molten Steel 

 Finally, in both Phase 2 and Phase 3 testing, two SC6700 Thermal Imagers with differing notch 
filters were used to collect data. The filters were used to measure narrow bands of energy within the Mid-
IR. Using the ratio of the values, an emissivity independent temperature was derived using Planck’s Law 
for electromagnetic radiation. Having solved for the true temperatures, an equation to determine the true 
emissivity of the functioning pyrotechnic was defined (See Figures 8A- 8F).  
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A novel way of measuring emissivity uses two calibrated detectors (or infrared cameras in our 
case) with different filters to measure energy in different infrared bands. Assuming emissivity is constant 
across the mid-IR region of interest, the ratio of measured energies should remain constant (regardless of 
emissivity) as depicted in figure 8A. 
 

Figure 8A 

Here, the grey curve is generated using Planck’s equation and the blue/red plots represent the energy 
transmitted to each of the two SC6700 IR cameras. Integrating the energy transmitted to each camera and 
taking the ratio of these values will generate predictable values related to the chosen source temperature. 
Furthermore, these ratios are independent of emissivity.  
 
Mathematically, this phenomenon is explained through Planck’s Law for a greybody emitter: 

 =E  

    Where 

- E = emissivity (  

- h = Plank’s constant 

- c = Speed of light 

- λ = Wavelength 

-  = Boltzmann Constant 

- T = Temperature 
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Each camera’s total effective system response can be modeled as: 

 = E A(λ) (λ) (λ) (λ) 

Where  

- A(λ) = modeled atmospheric transmission 

- (λ) = notch filter transmission 

- (λ) = ND filter transmission 

- (λ) = Camera response 

*Note: when a ratio of the camera’s responses is taken, the emissivity value drops out lending an overall 

value that is driven by change in temperature. 

Response graphs: 

A(λ) 

Figure 8B 

 

(λ) 
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Figure 8C 

 
 
 
 
 

(λ) 

Figure 8D 

 
 
 
 

(λ) 

Camera 2 Camera 1 
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Figure 8E 

 
Taking all of these responses into account, it becomes clear that each camera’s effective system 

response is driven by its respective notch filter. Furthermore, the notch filters used fall within 
“atmospheric windows” building an inherent robustness into the system because the apparent energy 
measured by each camera is relatively invariant to atmospheric anomalies. Taking this into account, the 
atmospheric response and camera response components of the system drop out of contention. Below is a 
composite graph: 

 

 
Figure 8F 

 
 
The Neutral Density component is also eliminated because its spectral attenuation is relatively uniform 
across both notch filter regions.  
 
Ultimately, each camera can now be modeled as a device with: 
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- Narrow spectral resolution (driven by notch filters) 
- Relatively high spatial resolution (driven by the 640x512 array) 
- Relatively high temporal resolution (driven by a high data rate with respect to burn duration) 

 
Data Summary: 
 

Data is summarized in figures 9A-9F for the large test configuration groups. Since data points 
were collected 10 times per second and there is a data point per pixel for every temperature exceeding 
700°C (a threshold established based on contrast, resolution parameters and filters used) up to the peak 
temperature observed, the raw data files are too large to include in this paper. For the purpose of this 
experiment peak temperature was considered the most appropriate data to use. Peak temperature was 
defined as an average of the hottest 20 pixels recorded. This strategy helps reduce the risk of a single hot 
pixel skewing acceptance results. The data for each test article was synchronized for starting time to plot 
the data summaries for each configuration group. With these conditions in mind, the data summary plots 
below show the peak average temperature, for all of the test articles, per increment in time through the 
extent of the burn, in blue. For information purposes, the green plot lines represent the hottest pixel 
observed at a given time interval out of all of the test articles in a group. The red plot line represents the 
average of actual times recorded for each test article to achieve penetration of the steel target plate. 

 
 

 
Figure 9A- Horizontal, Ambient Group 
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Figure 9B- Horizontal, Cold Group 

 
 

 
Figure 9C- Horizontal, Hot Group 
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Figure 9D- Vertical, Ambient Group 

 
 

 
Figure 9E- Vertical, Cold Group 
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Figure 9F- Vertical, Hot Group 

 
 

It is important to note that the horizontal plots appear to be much cleaner than the vertical plots. 
This is due to two reasons: For one, the vertical test articles tended to become obscured by smoke (which 
blocks the IR signal) more often than the horizontal test articles. There was also a specific event that was 
more pronounced in the vertical samples than the horizontal. When in the vertical position, the top portion 
of the test body, which is void of material, seemed to pop off due to pressure build up as the pyrotechnic 
heated the test body walls up to melting point. When this event occurred, there was a substantial amount 
of smoke released at once, temporarily obscuring the IR. This accounts for the temporary dip in 
temperature that occurs at approximately 5 seconds in all the vertically orientated plots. Another 
important point to remember is that these data plots represent all of the test articles in their respective 
groups, individual test article plots are much more variable, with temperature drops and spikes of up to 
1000°C due to smoke obscurant. It is expected that with proper smoke evacuation the individual data 
plots would become much more reliable. 

Several results can be inferred from the plots above. It is evident that the vertically orientated, 
cold conditioned group burned the hottest, achieving average peak temperatures greater than 2800°C. The 
lowest peak average temperatures were exhibited by the horizontally orientated, hot conditioned group. 
Test articles in the vertical orientation burned hotter and faster than those horizontally orientated. Despite 
the lower average temperature of the horizontally orientated groups, they achieved penetration of the 
target plate in approximately half the time on average. Conditioning has an effect on penetration time of 
the vertical test articles; hot condition penetration occurs the fastest, while cold condition is slowest.  

These findings, or more so the methodology used to derive them, are extremely valuable to the 
pyrotechnic community. These are the first results that fully characterize the performance of the 
pyrotechnic used in this study. The resulting actionable information collected includes variable data 
extracted from a wide range of different conditions and configurations. With this baseline established, 
highly informed decisions can be made in the future about product improvement initiatives for this device 
and development of new items. Furthermore, this methodology is repeatable and may be employed by 
other pyrotechnic experts working with different formulas and devices to conduct their own studies which 
define baseline functional characteristics. 
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Discussion 
 

Research and Development Applications: 
 

Further refinement of this methodology can significantly facilitate R&D work for pyrotechnics. 
This study focused the majority of its conclusions on peak temperatures of the test data, however there is 
much more data collected and available for more in-depth analysis than what was evaluated for this study. 
For instance, studying and understanding the entire burning core as it evolves over time can lead to better 
understanding of the studied pyrotechnics typical burn characteristics and physics properties. With the 
burn characteristics in mind it will be easier for scientists and engineers to design more efficient and 
effective methods of delivery for their pyrotechnics. Furthermore, having a baseline understanding of the 
current design can foster product improvement initiatives. 

 
Software Development: Quality Control, Continuous Improvement and Lot Acceptance Applications: 
 

As one of the major objectives of this experiment was to develop an alternative acceptance test 
methodology for a specific pyrotechnic device, work was performed to develop a prototype software 
application which reduces the acquired thermal imagery into temperature measurements in real time and 
iteratively compares these measurements to pass/ fail acceptance criteria based on a heat transfer model 
which was designed to simulate a target plate. This software application has been successfully 
demonstrated using the raw imagery data acquired during phase 2 testing. A demo has been developed 
(See: Figure 10). 

 

 
 

Figure 10 – Software GUI 
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The software converts the relevant raw data into temperatures and subsequently uses a novel 
algorithm to test the temperature data points against the heat transfer curve (sustained temperature over 
period of time) that was developed to simulate the target plate.  

Further development of this methodology could lead to significant enhancements in the functional 
areas of quality and/ or other applications. If the data collected during this experiment is considered a 
baseline for the performance of this specific pyrotechnic device, future builds could be measured and 
compared to determine if performance has improved or deteriorated over time. During production, it 
would be possible to perform in-process control checks by measuring the performance of the devices at 
predetermined frequencies during the build. Adjustments could be made in real time, ensuring that the 
final product falls within expected performance parameters throughout production. Using this 
methodology would aid failure investigations substantially by allowing a technician to review the 
recorded data in video form and by providing massive amounts of variable data to examine through the 
extent of a burn. 

 
Limitations: 
 
 A few limitations were discovered during the course of the testing. It is expected that these 
limitations could be overcome, however, funding restrictions only allowed for very minimal 
experimentation. 

 As discussed in the results section, smoke obscuration can be a detriment to the data collected as 
depicted in the vertical, ambient group (See Figure 9D & 11). It is likely the smoke obscuration can be 
drastically reduced or even eliminated if future tests are conducted in a controlled, indoor environment 
with an adequate smoke evacuation system in place.  

 

Figure 11- Depiction of Effect to Data Caused by Smoke Obscuration 
 
 

Due to the nature of the specifically designed performance characteristics of the pyrotechnic used 
in this study, an adequate, re-usable substrate was unable to be identified through the course of our 
experimentation. Limited experiments were conducted to identify a substrate that would replace the steel 
targets, however, all proved inadequate. Two test articles were tested on standard ceramic floor tile, 
however the ceramic became thermally shocked and shattered. One tile actually sent fragments flying 
through the air within a 10 foot radius. Four test articles were functioned in a bed of sand, but the reaction 
turned the sand it into glass and made for an extremely tedious cleanup and preparation for the next test 
article. There was also fear that left over slag could cause a sympathetic detonation if missed during the 
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cleanup process. Several samples were tested on plywood substrate. The plywood would be consumed in 
flame and would need replacement each test. Steel will melt. Even if a large block of steel is used, 
concerns about sympathetic detonation are high. It is not to say that this technical issue cannot be 
overcome; again limited funding only permitted small scale testing of these areas for this project. 
Furthermore, this issue only pertains to pyrotechnic devices designed to achieve temperatures as great as 
what we used for this test.  

 
 

Summary 
 
Infrared thermography is a rapidly evolving engineering method that introduces a vast set of new 

techniques for characterizing events that radiate energy. This study was designed to determine the 
feasibility of using this technology to gather tangible data for advanced analysis of a specific pyrotechnic 
device. The primary objective of this effort was to evaluate the performance of a proposed alternative lot 
acceptance methodology as compared standard methods currently used for the pyrotechnic device 
examined.  

In this work, a prototype was developed that uses a combination of custom developed software and 
thermal imaging techniques to passively measure reaction temperatures while the test sample is 
functioning. Concurrently, the use of novel algorithms calculate a pass/fail value of the test article in “real 
time”. The recorded imagery is archived for more detailed analysis in the future.  

The potential benefits of implementing fully developed thermal imaging system for testing include: 
increased confidence in test results, variable data output which can be analyzed for trends, used for defect 
prevention and measured to assess the level of quality lot to lot. It is well known amongst the pyrotechnic 
community that functional temperature of a pyrotechnic device is a significant driving factor in its 
performance. Therefore, it is imperative for the operating temperatures of functioning pyrotechnic devices 
to be measurable with a high degree of accuracy and repeatability when facing quality issues, performing 
root cause failure analysis, implementing continuous improvement and conducting research and 
development initiatives. Many pyrotechnic devices are designed using common theoretical formulation 
techniques to determine estimated maximum temperatures. These formulations are determined to be 
adequate by using small scale material tests and rudimentary physical demonstrations of performance 
which yield little specific data about the true operating temperature and variance in temperatures within 
and between completely assembled devices.  This experiment has proven that thermal imaging technology 
is able to provide a means of making these measurements on a fully assembled devices with accuracy and 
repeatability. The capability to measure full-up pyrotechnic devices using a portable test setup which has 
the ability to measure, with high accuracy, both the temperature and burn time of test items while 
capturing, analyzing and  providing feedback on data in real time is a unique benefit of using this 
methodology. Thermal imagery (recorded video) of pyrotechnic devices provides detailed information 
about their performance in terms of directional heat transfer rate and temperature distribution profile 
which is crucial to failure mode diagnosis and continuous improvement initiatives.  

The results of the extensive testing and effort put forth in this work proved that developing a robust, 
thermal imaging temperature measurement methodology for the pyrotechnic devices is very achievable, 
and likely a beneficial alternative to the current testing methodologies.  

In addition to proving the feasibility of the alternative acceptance methodology, several other 
findings were derived through this experiment that are likely to be considered valuable to the pyrotechnic 
community as a whole. In one recent instance, this method was used by a pyrotechnic scientist at 
Picatinny Arsenal to determine the practicality of a new theoretical formulation for thermate. A small 
batch of thermate was mixed using the new formulation and the thermal imagery techniques developed 
during this experiment were used to measure its performance. Regrettably, the data showed no advantage 
to the new formulation and thus development efforts were ceased. However, because the scientist used the 
thermal imaging methodology he was able to avoid up to 90% of typical development testing costs for 
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new formulations. This enabled personnel to refocus their efforts on more viable technology without 
wasted time and funding. 

With more in-depth data analysis and through visual analysis of the recorded imagery it is possible 
to better understand the behaviors of functioning pyrotechnics, thereby facilitating the design and 
development of enhanced pyrotechnic formulations and more efficient delivery systems (i.e. tailored 
geometry to harness the maximum potential energy output while using the least amount of material which 
can reduce weight or quantity and cost while promoting more effective performance of the pyrotechnic 
device). As new applications for pyrotechnic devices arise, formulations and design configurations could 
be rapidly evaluated using the measured thermal flux of legacy items in combination with modeling and 
simulation technology for substantial cost avoidance in terms of the extensive testing normally required 
for proving out new designs and formulations. It is expected that this methodology can be further 
developed to measure more complex data such as heat density and total energy output by using two or 
more thermal imagers strategically positioned around the test articles and performing comprehensive data 
calculations. 
 All considered, thermal imaging is proving to be a viable technology for accurately measuring 
pyrotechnics exhibiting extreme high temperatures. As this technology continues to mature, more 
sophisticated analysis techniques become available for use which are distinctively valuable to the 
pyrotechnic community. Demand for this type of instrumentation has been on the rise. As the demand 
increases, the costs of the equipment has been driven down making thermal imagery a cost effective 
alternative to conventional methods of pyrotechnic analysis. 
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ABSTRACT

This paper deals with the development of a medium energy electro-pyrotechnic initiator model for
predicting heat transfers between the bridgewire and its environment.

The main objectives of this model are to:
 Improve understanding of the physical phenomena involved (Joule effect, heat transfer in the

materials, exothermal reaction in the initiating pyrotechnic composition)
 Calculate initiation delays of the initiator to which a predefined electrical signal is applied.

The specific features related to the compact size of the pyrotechnic device to be modelled and its very
short response times under electrical load make modelling complex and required a significant amount of
preliminary phenomenological analysis. In particular, this study required an experimental characterisation
of thermal properties and kinetic breakdown parameters of the initiating pyrotechnic composition (ZrPP)
and the development of a coupled calculation model to predict the temperature divergence corresponding
to the initiation time. Contact resistances between the bridgewire and its environment were determined by
comparison with tests performed on initiators supplied with different intensities and calibration of
observed initiation delays on a simplified model. The complete model was then tested and calibrated
using these tests and tests performed on initiators instrumented with micro thermocouple loaded with low
intensity (intensity less than the intensity generating initiation of the initiator).

INITIATOR DESCRIPTION

The electro-pyrotechnic initiator operates according to the hot wire principle (Joule effect), and
belongs to the family of medium energy initiators known as "1A-1W". A medium intensity is applied to
the pins, and the electrical resistance of the wire heats the composition up to ignition.

The initiator is described in Fig.1

Figure 1: Description of the initiator
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The initiator mainly consists of:
 An aluminized ceramic bridge wire holder (1), including two pins.
 A metallic body (2).
 A bridge wire resistive element connected to the pins by micro-soldering (3);
 An aluminized ceramic pyrotechnic composition body with a central bore (4);
 An amount of ZrPP (Zirconium, Potassium Perchlorate) pyrotechnic composition charge (5),

compacted in the central hole of the composition body.

THERMAL PROPERTIES IDENTIFICATION

In order to simulate the initiator behaviour, the thermal properties of each part of the initiator have to
be determined.

The thermal properties of the ZrPP pyrotechnic composition were measured experimentally at
HERAKLES – CRB.

 The specific heat capacity (Cp) is determined by DSC (Differential Scanning Calorimetry)
between 20°C and 180°C. The results are presented in Tab.1.

Table 1: Specific heat capacity function of T

Tab.1 underlines the good consistency of the test data.

 The thermal diffusivity (lambda) is obtained by a flash technic on ZrPP powder pellets.
Manufacturing such pellets is a real challenge. The pressing pressure of the pellet is the same
as the one applied for initiator manufacturing.

Figure 2 : Pellet of ZrPP

Only two temperatures were tested. The mean value for the conductivity, retained for this
study is 0.51W/(m°C).
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 The DSC provides the TACP (auto ignition temperature = exothermic peak) information. The
results are presented in Tab.2.

Table 2: DSC on ZrPP at different heating rate

As the ZrPP ignition is a chemical reaction process, an isoconversional method (AKTS)
was conducted and gives activation energy and pre-exponential coefficient function of reaction
process. The results are presented in Fig.3.

Figure 3: Results of AKTS methodology on ZrPP
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The AKTS exploitation gives good results for reaction progress in the range [10%; 60%].
Beyond a reaction progress of 60%, the correlation is poor. Nevertheless, at a reaction
progress of 60%, the temperature is well above the ZrPP TACP and it can be assumed that the
ZrPP decomposition process has passed beyond the initiation threshold (see Fig.4). It is
assumed that the remaining 40% of reaction progress has limited influence on the initiation
process. Therefore, knowing these limitations, the obtained results can be used for a
calculation model.

Figure 4: Reaction progress function of T

 The thermal properties of the other parts of the device were found in literature or from
manufacturer documentation.

EXPERIMENTAL TEST PLAN

In order to be able to calibrate the complete thermal model, a database was built by the mean of two
series of tests.

Initiation delay function of intensity:

Tests were performed on initiators fired with different intensities. Data are presented in Fig.5 in appendix.

Thermal response tests on instrumented initiators:

In order to calibrate the thermal paths in the initiator, tests were performed on initiators fitted with
micro thermocouples. They were supplied with low intensity. Intensities values were chosen lower than
the all-fire current of the initiator.
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Test matrix:

Figure 6: Instrumented initiator test matrix

Test configuration:

For each initiator, 2 micro thermocouples are mounted on the external body (just in front of the
bridgewire). An infrared thermal imaging camera gives an overview of the thermal exchanges.

Figure 7: Test configuration of intrumented initiators

Teflon plate
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Examples of test results:

Initiator n°1:

Figure 8: Temperature function of time for initiator n°1 loaded at 0.8A during 5 minutes

Figure 9: Max. temperature for initiator n°1 during the test at 0.8A (thermal camera data)
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Initiator n°4:

Figure 10: Temperature function of time for initiator n°4 loaded at 0.8A, 1A, 1.5A and 2A (5
min for each intensity)

TRANSPORT PHENOMENA MODELLING

First, the delay of each phenomenon must be analysed to understand the global thermal behaviour of
the initiator. Considering an adiabatic axisymmetric bridgewire (with resistance temperature sensitivity
following the relation r=r0(1+kT)), the analytical solution of this thermal problem is known (see Eq.1).
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Comparison between time to get TACP with adiabatic bridgewire and experimental data (Fig.11 in
appendix), underlines the importance of thermal losses in the initiator. The initiator is made of several
part assembly which leads to many thermal contact resistances. Their determination must be done by
considering the whole initiator. An optimisation was run considering an elementary volume (transversal
cut of the bridge holder, bridgewire and composition). The obtained resistance couple is then applied in
3D model.
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The pyrotechnic composition is modelled as a cylindrical composition with equivalent macroscopic
properties.

Two types of criteria can be chosen to determined ignition time:

 Define TACP level : ignition occurs when composition temperature reaches TACP
 Take chemical kinetics into account in the numerical simulation: ignition occurs when

composition temperature exceeds bridgewire temperature. The ZrPP kinetic parameters were
determined with AKTS analysis (see Fig. 3)

ELEMENTARY VOLUME SIMULATIONS

Fig. 5 shows low dispersion on DOI for intensities above 3.5A. For such intensities, generated heat
remains close to the bridgewire, consequently only thermal contact resistances between
bridgewire/composition and bridgewire/ceramic holder have an influence. Considering the brigewire is
longer than wide and that its temperature field is homogeneous in axial direction, the initiator can be
modelled by its transversal cut.

Eventually, an elementary volume including bridgwire section, ceramic holder and composition can
lead to significant results which are representative of the whole initiator behaviour. This simplification
allows optimisation due to fast simulations.

Figure 12: Intensity applied to elementary volume
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The results obtained from optimisation for two criteria for the ignition (TACP or kinetic) are presented
in Tab. 4.

I(A) DOI (ms) Time TACP (ms) Time kinetics(ms)

3.00 3.20 9.55 -

3.50 1.90 1.94 1.77

4.00 1.00 0.97 0.93

5.00 0.45 0.45 0.45

Table 4: Results for R bridgewire/compo=7E-6m²K/W and R bridgewire/holder=1E-6m²K/W

As intensity increases the threshold of initiation becomes more accurate. The go/no go delay is
difficult to determine for low intensities due to thermal losses in the initiator and dissipation of the energy
released by the pyrotechnic composition. The numerical simulations and experimental testing correlate
well for both criteria.

This analysis exhibits the two major thermal paths. As the bridgewire temperature increases, the
ceramic holder tends to dissipate the heat due to its relatively high conductivity whereas the composition
which is a bad conductor permits a local heating close to the bridgwire (Fig. 13 in appendix).
The choice of the material for the holder and its mounting are crucial to design the initiator and to
correctly set the all-fire threshold.

The elementary model provides good correlation with medium intensity firing tests (above 3.5A).
However this model is limited for lower intensity levels. Therefore complete geometry and appropriate
thermal boundary conditions have to be considered.

3D MODEL ANALYSIS

Medium intensity comparison (3.5A-5A)

The TACP criterion is used for 3D approach because of computations duration. Intensity is applied
directly to the pins (as shown in Fig. 14).

Figure 14: 3D model
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The optimised thermal resistances couple is used. The mesh is less refined for 3D model than for the
elementary study which can lead to different DOI. For medium intensities, the results are similar to
elementary model ones. The elementary model is accurate for this intensity range (3.5A-5A).

Low intensity simulations

Lots of tests have been conducted at low intensity and provide an interesting database for the
numerical model evaluation.

These tests are described in Fig. 6. The whole device must be meshed as the thermocouples are
mounted on the external faces of the metallic case (Fig. 15).

Figure 15: Mesh of the igniter and its cut

In a first instance no specific boundary condition was applied to the external faces of the device which
means in the numerical code to consider adiabatic interfaces. As the experiment was performed outdoors,
a thermal convection coefficient was then applied, but it was not sufficient to reach experimental results
levels.

An infrared thermal camera provides images of thermal fields during the test. From these, it appears
that the holding Teflon plate has a major influence for understanding the test results. Indeed, this plate
conducts the heat coming from the initiator as shown in Fig. 16. This element is comparatively massive to
the initiator dimensions; it needs to be meshed in order to be representative of the experiment (Fig. 17)

Figure 17: Mesh of igniter with Teflon plate in test configuration

Thermocouples
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The numerical results are given in Figs. 18 and 19 (in appendix). The implementation of the Teflon
plate in the numerical simulation leads to better correlation. The model can be improved by considering
natural convection coefficient with the outer environment, clarifying the thermal contact between the
Teflon holder and initiator… However the current numerical model allows to identify the important
phenomena, to quantify characteristic times and to guide definition and design of the initiator and tests.

CONCLUSIONS

This study provides a better understanding of physical phenomena at stake in a medium energy
electro-pyrotechnic initiator. An adiabatic hypothesis around the bridgewire gives too short initiation
delays. It underlines the importance of thermal losses in surrounding parts of the device and the need to
always considerate the bridgewire with the nearby materials.

The pyrotechnic composition is modelled as a continuous medium with equivalent thermal properties
obtained by experimental measurement. Two types of initiation criteria were used, one based on reaching
TACP, the second (more accurate but more time consuming) taking into account the exothermal aspect of
the chemical reaction during initiation.

For medium intensities leading to initiation, an elementary model provides good correlation with
experimental data and thus can be used to simulate the initiator behaviour. This numerical model provides
information helpful to guide the design of electro-pyrotechnic initiators.

For low intensities, the whole initiator has to be meshed and must be considered in its experimental
environment due to its small dimensions. The 3D model could be helpful to simulate a manufacturing
non-conformance.

ABBREVIATIONS AND ACRONYMS

TACP Température d’auto-inflammation par
chauffage progressif

DSC Differential Scanning Calorimetry

AKTS
ZrPP

Advanced Thermal Analysis Software
Zirconium potassium perchlorate

DOI Delay of Initiation
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APPENDIX

Figure 5: Initiator initiation delay function of intensity
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Figure 11: Time to reach TACP for adiabatic bridgewire calculation and experimental data on the
igniter

Figure 13: Thermal field for I=3.5A

Holder

Composition

Wire
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Figure 16: Thermal fields at the beginning (left picture) and during the test (right picture)

Figure 18: Comparison computations and experimental data - I=1A
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Figure 19: Comparison in the case of a continued growth of the intensity
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Abstract: Suitable strategies for the synthesis of high-performance insensitive energetic materials continue to be keen 

concerns. Here a series of nitrogen- and oxygen-rich energetic chelates based on semicarbazide and nitrophenol were 

synthesized by a straightforward route and characterized via single-crystal X-ray crystallography, elemental analysis, in-

frared spectra and differential scanning calorimetry. These new molecules show high density, acceptable thermal stability, 

low sensitivities to mechanical stimuli and high energy of combustion. The calculated detonation performances highlight 

two of them, Cd2(SCZ)4(TNR)2 and [Cu(SCZ)2(H2O)2](HTNR)2 (TNR = styphnate), with detonation velocity and detona-

tion pressure comparable to lead styphnate and TNT. Particularly, the anhydrous eight-coordinated chelate 

Cd2(SCZ)4(TNR)2 provides a new structural motif for energetic coordination explosives, which also has the highest calcu-

lated crystal density of 2.28 g/cm3 at 183 K (gas pycnometer measured density is 2.23 g/cm3 at 298 K) among nitrophenol 

based transition metal coordination energetic compounds yet reported.
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Investigation on Performance Enhancement of

Exploding Foils by B/Ti Composites

L. Wang, Y. Wang, X.H. Jiang

(Institute of Chemical Materials, CAEP, Mianyang 621900, China)

1. Introduction
Safe initiators are particularly important in munition applications, where inadvertent activation of

an explosive charge can be devastating. Insensitive munitions are often equipped with Exploding Foil

Initiators (EFIs) or Slapper Detonators due to their intrinsic safety. Generally, EFIs contain less

sensitive secondary explosives and are operated by a very specific electrical pulse, which makes the

system insensitive to accidental initiation by static electricity discharge and EMI etc. and eliminates the

need for any moving components, thereby making the system inherently more reliable[1]. EFIs were first

invented by John Stroud of Lawrence Livermore National Laboratory (LLNL) in 1965[2].

The necessity of a specific electrical pulse (often very large in current peaks) on the other hand

causes the fireset to be very large, which makes it impossible for the minimization of weapon systems.

Therefore, it is of great importance to decrease the initiation energy. Compared with conventional metal

foils whose bridge sizes are generally hundreds micrometers, smaller bridge sized foils (in tens

micrometers scale) could explode at lower energy stimuli. Therefore, by decreasing the bridge size, the

reduction of initiation energy could be realized. Nevertheless, micro-bridge foils could be extremely

selective regarding to primary charges due to their relatively low plasma generation. Hence, the

initiation of insensitive explosives, such as TATB or TATB based explosives, is unpractical by simply

applying micro-bridge foils instead of conventional foils. The performance of micro-bridge foils should

be greatly enhanced so as to initiate insensitive explosives at low energy input.

Since B/Ti composites could react rapidly and generate as much heat as 1320cal/g, it is

theoretically feasible to enhance the performance of micro-bridge foils by incorporating B/Ti

composites. Besides, experiments show that the dense spark emitted by B/Ti composites could last as

long as several millimeters distance or even further away[3], and B/Ti composites have been successfully

utilized in applications such as ignition of airbags[4] and none-contact ignition of solid propellants[3].

Although B/Ti composite is potentially an useful energetic material, it is hard to prepared since boron

has a high melting temperature and low conductivity. Thin boron films were prepared using sputtering

and e-beam evaporation deposition[3], however, deficiencies such as rough film quality, low deposition

rate(1.38nm/min)[5] were encountered.

In this investigation, a micro-copper bridge coated with B/Ti composites were fabricated to obtain

enhanced performance. More specifically, a 10μm thick B/Ti film was coated onto a
0.04mm×0.04mm×1μm copper bridge by electrophoresis. The B/Ti composites were characterized

using SEM and DSC. The electro-exploding properties of such Cu/B/Ti bridge was tested at short

current pulses.
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2. Characterization of B/Ti composites

2.1 SEM analysis of B/Ti composites

Nano boron powder(<100nm) and nano titanium powder(<100nm) were firstly treated to form

charged colloidal particles. Boron and titanium colloidal particles would migrate towards the steel

substrates under the influence of an applied electric field provided by immersed electrodes, resulting, in

a B/Ti film was formed onto a steel substrate, as shown in Fig. 1.

Fig. 1 B/Ti film coated onto a steel substrate via electrophoresis

The coated B/Ti film is uniform in color, indicating good mixing of boron and titanium powder.

Therefore, uniform B/Ti films can be prepared using electrophoresis technique.

As-coated B/Ti film was scanned using SEM to further investigate its morphology. Fig. 2

illustrated the SEM diagrams of B/Ti film.

(a) 500x (b) 10000x
Fig. 2 SEM images of B/Ti film

Fig. 2(a) showed the surface image of the B/Ti energetic film magnified by 500 times. The surface

of B/Ti energetic film presented a puff structure with pores on the surface. Fig. 2(b) showed the surface

image of the B/Ti energetic film magnified by 10000 times. Results showed that each grain was

uniformly surrounded by the other. The combination of boron and titanium particles was similar to that

of Al/CuO nano wire composites prepared by Zhang[6]. Through close interfacial contact of reactive

elements, the reactivity of the energetic film could be greatly enhanced[7].

2.2 Thermal analysis of B/Ti composites

Differential scanning calorimetry (DSC) studies of B/Ti energetic composites were carried out

with a Netzsch STA 449C system. Before heating, ~20mg B/Ti composites were separated from steel

substrates, weighted, and placed in the sample chamber, and then an inert nitrogen gas was purged in

the chamber at 30ml/min in order to avoid oxidation. The thermal analyses were performed at heating
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rates of 10K·min-1, 15K·min-1, 20K·min-1, 50K·min-1. Test results were shown in Fig. 3.

Fig. 3 DSC diagrams of B/Ti energetic composites at various heating rates

As shown in Fig. 3, only one exothermic reaction was observed in the heat flow data, meaning that

boron and titanium were entirely reacted. The exothermic peak appeared in the range of 976℃ to

1023℃. It can be concluded that B/Ti composites reacts prior to the melting temperature of boron

(2076℃) and titanium (1678℃). As the heating rate increases, the generating heat increases accordingly.

The reaction heat reaches up to 1259J/g while the heating rate is 50K/min(close to the experimental

data of nano B/Ti composites prepared by magnetron sputtering). Meanwhile, reaction delay was

observed as the heating rate increases, implicating that the ignition point of B/Ti composites is sensitive

to heating rates.

Kissinger method[8] was used to calculate the activation energy of B/Ti composites prepared via

electrophoresis. A linear fit was applied to the experimental data, yielding Y=-48434.8182X+26.17542,

and the calculated activation energy E=402.69kJ/mol.

3. Electro-exploding performance of Cu/B/Ti bridges

3.1 Fabrication of Cu/B/Ti bridges

The fabrication sequence of Cu/B/Ti bridges was shown in Fig. 4.

Fig. 4 Fabrication sequence of Cu/B/Ti bridges
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The fabrication process started with a ceramic substrate. The substrate was cleaned firstly using

acetone, then thoroughly rinsed by deionized water, and later blow dried. Metal films of copper with

thickness of 1μm were deposited by magnetron sputtering. Positive photoresist was spin coated onto the

substrate and patterned using photolithography through a designed mask-1. The copper film was wet

etched in Fe2O3 solution. The scale parameter of copper bridge foil was 0.04 mm×0.04mm×1μm. After
solvent and deionized water cleaning, the ceramic substrate with copper bridge foil was spin coated

with resist and patterned using photolithography by a mask-2. After the developed photoresist was

removed, the substrate was put into the B/Ti electrical-solvent. By electrophoresis method, a 10μm
thick B/Ti energetic film was then coated over the copper bridge, as shown in Fig. 5.

Fig. 5 Diagram of a Cu/B/Ti bridge

3.2 Exploding of Cu/B/Ti bridges initiated by pulse energy

The voltage-current curves of Cu/B/Ti bridges were recorded during their electro-exploding using a

special test setup, as illustrated in Fig. 6. The bridges were excited by a capacitor discharge unit with a 25

nano Farad capacitor, the voltage applied to the capacitor is 400 volts, accordingly, the overall input energy

was as low as 2mJ. A circuit wire was threaded into a flexible rogowski current ring to record the current

flow during bridge exploding process, and the voltage across the bridge was recorded using a CVR.

Fig. 6 Electrical properties test setup for Cu/B/Ti bridge

The capacitor discharges instantly when the spark gap closes, generating a high amplitude pulse current

across the bridge. The bridge foil will explode at the excitation of electric energy, the current-voltage curve

across the foil bridge can be recorded using a current viewer resistance and flexible current ring. Fig. 7

illustrated a typical voltage-current curve at 2mJ energy input.
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Fig. 7 A typical voltage-current curve during electro-exploding of a Cu/B/Ti bridge

As shown in Fig. 7, the duration for the voltage and current to reach their peaks were nearly identical,

meaning that the copper bridge absorbs most of  the input electric energy. Subsequently, the energy

deposited on the copper bridge was calculated by integrating the current and voltage over time, which is

1.43mJ. Accordingly, the absorbing energy efficiency is up to 71.5%.

The performance of Cu/B/Ti bridges were tested using a capacitor discharger at 2mJ electric energy.

The firing spark spread several millimeters away from the bridge, as shown in Fig. 8.

Fig. 8 Firing of a Cu/B/Ti bridge at 2mJ energy

Such bridges are of practical meaning for applications that require gaps between the bridges and

primary explosives, since explosives might erode metal bridges when stockpiling. Take air bags in

automobiles, micro propulsion systems for example, even if there is a gap (none contact) between the bridge

and the energetic material, the gap will be very small. The small gap can be readily penetrated by the ejected

high-temperature products of Cu/B/Ti bridges. However, if a small gap exists between the bridge and

energetic material for bridgewire and SCB, the ignition of the devices may fail due to the requirement of

intimate contact between bridge and energetic material[9].

Fig. 9 illustrated the morphology of Cu/B/Ti bridge pre-fire and post-fire.
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Fig. 9 Morphology of a Cu/B/Ti bridge pre-fire and post-fire

As shown in Fig. 9, the bridge zone were completely exploded at pre-specified energy, implicating that

the energy efficiency is satisfying.

The function time of the Cu/B/Ti bridge was further tested using an optical system. The current

waveform was recorded using the aforementioned flexible current ring, while the light emitted during bridge

exploding was acquired via an optical method. The current waveform and optical signal during the bridge

exploding was illustrated in Fig. 10.
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Fig. 10 Current waveform and optical signal recorded during the bridge exploding

As shown in Fig. 10, the function time(the time initiated when current arises, and terminated when light

signal become most  significant) of said Cu/B/Ti bridge was 95.2ns. In addition, it can be deduced from the

optical signal that the exploding of Cu/B/Ti bridge consisted of two phases. The first phase corresponded

with the electro-exploding of the copper bridge, while the second phase subjected to the combustion of B/Ti

foil at the high temperature of copper plasma.

4. Conclusion

B/Ti energetic materials are integrated with a copper bridge by electrophoresis to obtain a Cu/B/Ti

igniter. SEM image showed that uniform B/Ti foils were prepared, which can enhance the interfacial contact

and the reactivity. A thermal analysis of B/Ti composites was performed using differential scanning

calorimetry; results showed that the exothermic peak appeared in the range of 976℃ and 1023℃, and

the reaction heat reaches up to 1259J/g.
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The voltage-current curves of Cu/B/Ti bridges were recorded during their electro-exploding at 2 mJ

energy, results showed that the absorbing energy efficiency is as high as 71.5%. Firing test were carried out

using an capacitor discharge at 2mJ energy, and the exploding of the Cu/B/Ti igniter is accompanied by a

bright flash of light, which is several millimeters away from the bridge. The ejected high temperature

products can ensure the successful ignition in applications when non-contact between the bridge and primary

explosive is necessary. The function time of the Cu/B/Ti bridge was obtained using an optical system, results

showed that Cu/B/Ti bridge was fully reacted in 95.2ns. Additionally, according to the optical signal, it can

be deduced that the exploding of Cu/B/Ti bridge consisted of two phases, which corresponded to the

electro-exploding of the copper bridge and the combustion of B/Ti film respectively.
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ABSTRACT

This paper reports on the self-assembly of Al/ Fe2O3 nanothermites, and its effect on combustion
and sensitivity properties. The nano-Al and nano-Fe2O3 particles were surface functionalized by
organosilanes and chemically assembled to obtain self-assembled Al/ Fe2O3 nanothermite. The nano-Al and
nano-Fe2O3 particles were independently surface functionalized using (3-aminopropyl) trimethoxysilane
and (3-glycidoxy) trimethoxysilane, respectively. The surface functionalized nano-Al and nano-Fe2O3 were
assembled through ring-opening reactions of epoxide by amino groups on nano-Fe2O3 and nano-Al,
respectively.

The combustion of nanothermite was experimentally studied using instrumented burn tube test. The
powders were thermally ignited using nichrome wire and the combustion process was captured using high
speed imaging. The burn rate was determined by quantitative analysis of the high speed images. The
impact, friction and electrostatic discharge sensitivities of the self-assembled nanothermites were also
measured with reference to nanothermites prepared through conventional solvent-mixing. It was found that
the self-assembly serves to promote efficient intermixing between the fuel and oxidizer components and
displayed a combustion velocity of 618 m/s.

Keywords: thermites, nanothermites, nanoenergetic materials, burn rate, combustion, sensitivity

INTRODUCTION

Thermites belong to a category of energetic material comprising of a metal as a fuel and a metal
oxide as the oxidizer. The redox reaction between the metal and metal oxide is highly exothermic. A typical
aluminothermic reaction (aluminum as the fuel along with a metal oxide) has enthalpy of reaction higher
than that of TNT (trinitrotoluene). The reaction between aluminum (Al) and iron (III) oxide (Fe2O3) is the
most classical representative of a thermite reaction and the high exothermicity of this reaction has long been
advantageously used for civilian applications such as railway welding. However, their use for military and
space applications has been limited due to their sluggish reaction rate. The development of nanotechnology
has made the synthesis of nano-sized metallic and metal oxide particles possible, thereby creating a
nanothermite system. With significant reduction in the size of the reactants, nanothermites have opened up
new possibilities for enhancing the energy release of thermites by curtailing diffusion controlled chemical
reactions. The research on nanothermites has significantly emerged in the last decade and novel ways to
harness their energy with improved reaction rate remains highly desirable to date.

In this investigation, we report on how the intimacy and homogeneity of the Al/Fe2O3 powder
mixture could be improved via surface functionalization and self-assembly approach. A chemically directed
self-assembly of Al and Fe2O3 nanoparticles was attempted through the surface modification of
nanoparticles by introducing complimentary functional groups on the reacting moieties. Nano-Al and nano-
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Fe2O3 were surface functionalized using organosilanes containing amino and epoxide functional groups,
respectively. The surface functionalized nano-Al and nano-Fe2O3 were assembled via the ring opening
reaction of epoxides by amino groups attached on the nanoparticle surfaces. The self-assembled
nanothermites were studied for their energy output, combustion rate and sensitivities to ESD, friction and
impact.

EXPERIMENTAL

Nano-Fe2O3 (Stock number 44666, with average particle size of 20-50 nm) was supplied by Alfa
Aesar and nano-Al (spherical with BET average particle size of 78 nm) by ARDEC. The surface modifiers
(3-glycidoxypropyl) trimethoxysilane (GPTMS) and (3-aminopropyl) trimethoxysilane (APTMS) were
procured from Sigma Aldrich. Nano-Fe2O3 and nano-Al were surface functionalized using (GPTMS) and
(APTMS) respectively. The surface modification procedures were adopted from reference to various
published works.1,2,3

1 g of nano-Fe2O3 powder was ultrasonicated in 50 ml of toluene for 5 mins prior to addition of 1.5
g GPTMS pre-dissolved in 50 ml of toluene. The reaction was carried out at 60 oC under nitrogen gas with
continuous stirring and intermittent ultra-sonication for 2 hrs. The suspension was centrifuged to remove the
supernatant liquid and the nano-Fe2O3 was thoroughly washed with toluene and acetone. The retrieved
nano-Fe2O3 was dried under vacuum at 60 oC for 6 hrs.

1 g of nano-Al was ultrasonicated in 50 ml of toluene for 5 mins prior to addition of 1.793 g of
APTMS pre-dissolved in 50 ml of toluene. The reaction was allowed to proceed at 60 oC in nitrogen
atmosphere, under continuous stirring and intermittent ultrasonication for 4 hrs. The nano-Al was washed
and dried in the same manner as described for nano-Fe2O3 to remove any unreacted organosilanes.

Appropriate amounts (total weight of 1 g, ratio of two components is determined by the desired
equivalence ratio) of APTMS-modified nano-Al and GPTMS-modified nano-Fe2O3 were each dispersed in
50 ml of 2-propanol under ultrasonication for 1 hr. Both suspensions were combined in a round bottom
flask for reaction at 70 oC for 6 hrs under continuous nitrogen gas purging with constant stirring.After
reaction, the nanothermite suspension was dispensed onto an electrically grounded shallow metal tray and
dried under ambient conditions. Dried nanothermite powder was retrieved using a conductive brush and
further dried under vacuum at 50 oC for 24 hrs. Solvent-mixed nanothermites were also prepared for
reference using as-received nano-Fe2O3 and nano-Al, which were suspended in Tetrahydrofuran (THF) and
ultrasonicated continuously for 1 hr. All ultrasonication were performed in Elma S60H Elmasonic with
ultrasonic frequency of 37 kHz and 150 W power.

Surface functionalization and self-assembly of the nanothermites were studied using Spectroscopic
(Fourier Transform Infra-Red, X-ray Photoelectron Spectroscopy), Thermal (Thermo-Gravimetric
Analysis) and Microscopic techniques (Scanning Electron Microscopy, Transmission Electron
Microscopy). Performance evaluations of the self-assembled nanothermites were studied with reference to
solvent-mixed nanothermites using Bomb Calorimeter, Differential Scanning Calorimeter (DSC) and Burn
tube test. The sensitivity of nanothermite powders towards Friction, Electrostatic Discharge (ESD) and
Impact were also measured.

Spectroscopy, Thermal and Microscopy
Fourier Transform Infra-Red (FTIR) data was obtained from Shimadzu IRPrestige-21 over 4000-

400 cm-1 with 50 scans and a resolution of 4 cm-1 using samples in KBr pellets. X-ray Photoelectron
Spectroscopy (XPS) measurements were conducted in Kratos AXIS Ultra with monochromatic Al Kα X-
ray source (1486.69 eV photons). The scans were conducted on samples that were pressed on to a carbon
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tape attached to the top of a silicon wafer substrate. CasaXPS software (ver. 2.3.16) was used for fitting and
interpretation of the XPS signals.Thermo-Gravimetric Analysis (TGA) were performed in Shimadzu DTG-
60H with approximately 4 mg of sample using alumina crucibles. Nano-Fe2O3 samples were tested at a
heating rate of 10 oC/min from 30 oC to 550 oC under flowing nitrogen of 50 ml/min. Nano-Al samples
were tested at a heating rate of 5 oC/min from 30 oC to 1200 oC under flowing air of 50 ml/min. Scanning
Electron Microscopy (SEM) images were obtained using JEOL JSM-6700F-Field Emission Scanning
Electron Microscope (FESEM) on platinum-coated samples drop-dried on silicon wafer substrate. Scanning
Transmission Electron Microscopy (STEM) imaging together with Elemental EDX mapping were
performed in JEOL2100F Transmission Electron Microscope (TEM) using copper grid sample holder.

Bomb calorimeter and DSC
Nanothermites having different equivalence ratios (ER) were prepared and studied for their total

energy output using the Bomb Calorimeter. Equivalence ratios (ER) were calculated by taking into account
the active aluminum content of nano-Al, where an ER of 1.0 (stoichiometric ratio) uses 31.6 weight % of
nano-Al having an active Al of 73.3 weight %. The ER of self-assembled nanothermites using surface-
functionalized nanoparticles were calculated in the same manner, ignoring the mass contribution from the
grafted ligands. The energy output of the self-assembled nanothermites (ER 1.0, 1.15 & 1.3) were compared
to the energy output of the solvent-mixed nanothermites (ER 0.85, 1.0, 1.15 & 1.3). All the tests were
conducted in a Parr Bomb Calorimeter Model 6200. The mixtures were fired inside a 1104B high pressure
oxygen combustion vessel using a nichrome wire at an argon filling pressure of 3.0 MPa. Differential
Scanning Calorimetric (DSC) data of the nanothermite powder was obtained from a Setaram Labsys DSC.
Approximately 10 mg of the samples were taken in an alumina crucible and subjected to a heating profile of
10 oC/min up to 900 oC. All the tests were performed under inert atmosphere (Argon) with a purging rate of
50 mL/min.

Burn tubetest
The combustion rates of both the self-assembled nanothermite and the solvent-mixed nanothermite

were measured using the burn tube test set-up similar to that reported by Bockmon et al 4. The combustion
phenomenon was captured with the help of the Phantom High Speed Camera (models v711 and v1610),
operating at an acquisition rate of 110,000 to 215,000 fps. All experiments were carried out using a
nichrome wire igniter triggered using a current of 5 ampere supplied by a constant current source (Agilent
N5479A). A SRS 535 delay pulse generator was used to provide a delay between the triggering of igniter
and camera. The powder prepared via self-assembly and solvent-mixing were pre-dried in a vacuum oven
for 24 hrs before the combustion test. Nanothermite powders used were prepared with an Equivalence Ratio
of 1.15. 0.7 g of nanothermite powder were each loaded into the acrylic burn tube having the nichrome wire
igniter attached at one end of the tube. The powder was allowed to fall freely into each tube via a paper
funnel and each sample loaded tube was then tapped thrice against the table at one end. The average
packing density achieved was 18.5 ± 0.7 % Theoretical Maximum Density (TMD). Combustion rate was
computed as a slope of the distance-time profile calculated from the framing images. The framing images
used for calculation were acquired from the centre of the powder loaded tubes to ensure stable propagation
(Figure 1).
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Figure 1. Photograph of the Burn Tube Test Set-up with the centre region (20-50 mm) being marked
out, depicting the region where combustion rate was computed for the nanothermite powders.

Sensitivity Tests
Both the self-assembled and solvent-mixed nanothermites were tested for their sensitivity towards

ESD, Friction and Impact stimuli. The Sensitivity Tests were conducted by Advanced Materials
Engineering Singapore according to the relevant STANAG test standards listed in Table 1. References were
made to RDX and TNT using the same machines.

Table 1. Sensitivity Tests performed and their respective equipments and test standard

Sensitivity Test Equipment Used Standard

ESD Sensitivity ESD Simulator ETS Model 931
STANAG 4490
(Tested according to MIL-STD
1751A-Method 1032)

Friction Sensitivity
BAM Friction Machine

STANAG 4487

Impact Sensitivity BAM Impact Machine STANAG 4489

RESULTS AND DISCUSSIONS

FTIR spectra of the GPTMS-modified nano-Fe2O3 and APTMS modified nano-Al are compared
with the respective as received materials in Figures 2 (a) and (b). GPTMS-modified nano-Fe2O3 showed
absorption peaks at 2921 and 2853 cm-1, corresponding to symmetric and asymmetric C-H stretching 5,
respectively, suggesting the successful inclusion of the GPTMS modifier to the nano-Fe2O3 surface. These
absorption peaks appeared small due to the very strong characteristic absorption peaks of alpha-Fe2O3

(hematite) at around 548 cm-1 and 471 cm-1 6. FTIR spectra of APTMS-modified and as received nano-Al
showed a broad adsorption peak at 800-910 cm-1 corresponding to Al-OH and Al-O 7. Additional peaks
were observed in the for APTMS-modified nano-Al, where the adsorption peak at 1660 cm-1 is attributed to
the amino group, and the peaks at 1129 cm-1 and 1042 cm-1 are attributed to Si-O-Si 8.
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Figure 2. FTIR transmission signals of (a) as-received nano-Fe2O3 and GPTMS-modified nano-Fe2O3;
(b) as received Al and APTMS-modified nano-Al

X-ray photoelectron spectroscopy (XPS) profiles of the modified and as received materials are
compared in Figure 3. The presence of C in all samples is due to hydrocarbon contamination of the sample
surface exposed to the ambient atmosphere prior to XPS measurements 9. Modified nano-Fe2O3 shows Si
peak (Si 2p at 100 eV) after modification with GPTMS, indicating the presence of Si due to presence of Fe-
O-Si bond formed from the silane modification. The appearance of the Si (Si 2p at 100eV and Si 2s at 150
eV) and N (N 1s at 398 eV) signals for nano-Al indicate a coupled aminosilane layer via the Al-O-Si bonds
10. The respective atomic concentrations of the elements are tabulated in Table 2. The ratio of Si/N=1.2 for
Al-APTMS nanoparticles, is consistent with the theoretical ratio of Si/N=1 for APTMS.

(a)

(b)
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(a) (b)

Figure 3. XPS spectra of (a) as received nano-Fe2O3 and GPTMS-modified nano-Fe2O3; (b) as
received nano-Al and APTMS-modified nano-Al

Table 2. XPS atomic concentrations (%) of various elements in as-received nano-Fe2O3, GPTMS-
modified nano-Fe2O3, as-received nano-Al and APTMS-modified nano-Al

Sample
Atomic Concentration %

Fe 2p Al 2p O 1s C 1s Si 2p N 1s

nano-Fe2O3 12.34 - 36.81 50.85 - -

nano-Fe2O3-GPTMS 14.5 - 42.53 37.78 5.19 -

nano-Al - 23.03 41.56 35.41 - -

nano-Al-APTMS - 19.34 38.82 34.39 4.09 3.36

Grafting density of the surface modifiers on the powders was estimated from the weight loss
measured from TGA experiment using equation (1).

	 = 	 % % . 	× 	× (1)

Where wt % is the percentage weight loss due to decomposition of ligand obtained from TGA
measurements and MW is the molecular weight of the ligand in g/mol and SSA is the specific surface area
of the nanoparticles in nm2/g.

GPTMS accounted for 1.27 % weight loss (in the temperature range of 30 oC to 550 oC) for nano-
Fe2O3 and APTMS accounted for 1.41 % weight loss (in the temperature range of 30 oC to 375 oC) for
nano-Al in comparison to as-received nano-Al. The measured weight loss corresponds to an estimated
grafting density of 1.10 and 1.62 grafted molecules/nm2 (Table 3) for nano-Fe2O3 and nano-Al,
respectively. The weight loss observed is relatively small in comparison to a similar study conducted by
Crouse et al 9, on (3-Methacryloxypropyl) trimethoxysilane grafted nano-Al. The relatively small amount of
grafted alkoxysilane in our samples indicates the absence of any thick organic layer being formed on the
nanoparticle surfaces, which could lead to excessive energy dilution.
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Table 3. The estimated weight percentage of grafted alkoxysilane ligands and their grafting densities
on nano-Fe2O3 and nano-Al calculated using BET specific surface area of the nanoparticles and
molecular weight of grafted alkoxysilane ligand

Sample

Amount of
organic ligands /
weight % (weight

lost in TGA)

BET specific
surface area /

nm2/g

Molecular weight of
grafted ligand/ g/mol
(assuming tri-dentate

attachment)

Grafting density
/ molecules/nm2

nano-Fe2O3-
GPTMS

1.27 36.89 x 1018 191 1.10

nano-Al-
APTMS

1.41 38.97 x 1018 134 1.63

In order to understand the reaction between the epoxide and amino functional groups on the surface
modifiers, APTMS and GPTMS were reacted in 2-propanol. 2-propanol was chosen as the solvent because
the labile protons in 2-propanol is expected to catalyzethe ring opening reaction of the epoxide with the
amino group by protonating the epoxide ring (Figure 4). The progress of the reaction between APTMS and
GPTMS was monitored by the disappearance of peaks due to amino groups (at 1564 cm-1) and epoxide
groups (at 910 cm-1) by FTIR spectroscopy (Figure 5). The peaks disappeared after 2 hrs of reaction at 70
oC and a new broad peak appeared at 3415 cm-1, indicating the formation of the new secondary hydroxyl
groups. Identical reaction condition was used for the reaction between GPTMS-modified nano-Fe2O3 and
APTMS-modified nano-Al to accomplish the self-assembly.

Figure 4. Schematic showing the independent functionalization of nano-Fe2O3 and oxide-passivated
nano-Al, followed by self-assembly in 2-propanol.
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Figure 5. FTIR spectra of the reaction mixture of GPTMS and APTMS for different reaction times in
2-propanol at 70 oC.

The FESEM images of the self-assembled nanothermite as shown in Figures 6 (a) and (b) showed a
good mix of nano-Al and nano-Fe2O3 particles, with the absence of large clusters of either one type of
particles. The highly spherical nano-Al particles are mostly well-surrounded by nano-Fe2O3 particles
showing a mixture with good homogeneity. Figures 6 (c) and (d) showed the STEM image of the self-
assembled nanothermite and its corresponding elemental EDX mapping of Aluminum (represented by
green) and Iron (represented by red). The good intermix of both colors in the image is another indication of
a good intermixing of nano-Al and nano-Fe2O3 particles in this self-assembled nanothermite mixture,
proving a mixture with good homogeneity.
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(a) (b)

(c) (d)

Figure 6. FESEM micrographs at (a) 30,000 x and (b) 100,000 x magnification as well as (c) STEM
micrographs and (d)  its corresponding EDX Elemental mapping of self-assembled nanothermite
where green depicts Aluminum and red depicts Iron

The differential Scanning Calorimeter (DSC) profiles of self-assembled nanothermites with three
different equivalence ratios (ER 1.0, 1.15, 1.3) are compared with that of the corresponding solvent mixed
compositions in Figure 7. The self-assembled nanothermites show broad exothermal peak (with peak
temperature at 615 oC). On the other hand, the solvent mixed composition shows two distinct exotherms
(with peak temperatures at 529-534 oC for the first exotherm and 699-725 oC for the second exotherm). The
self-assembled nanothermites has likely undergone a single-stage reaction process as compared to a two-
stage reaction progress for solvent-mixed nanothermite. This is an indication that the reaction mechanism
for the self-assembled nanothermites is different from that of the solvent-mixed nanothermites.
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Figure 7. DSC profiles of self-assembled nanothermites and solvent-mixed nanothermites for various
equivalence ratios (ER 1.0, 1.15, 1.3)

The energy output (average of 3 experiments) of self-assembled nanothermites measured from
bomb calorimeter is compared with that of the solvent-mixed nanothermites as a function of equivalence
ratio in Figure 8. The trend in variation of energy output for different equivalence ratio is similar in both
nanothermites. Notably, the energy output measured from the self-assembled nanothermites appear to have
better repeatability as could be seen by the smaller error bars of its data points, indicative of a powder
mixture with good homogeneity. The equivalence ratio of 1.15 showed the highest energy output of 894.8
cal/g for the solvent-mixed nanothermite and 848.3 cal/g for the self-assembled nanothermite, respectively.
The experimental values reported here compare well with the theoretical heat of reaction (945.4 cal/g) for
Al/ Fe2O3 thermite reaction reported by Fischer et al 11. The total energy output of the self-assembled
nanothermites, showed consistently lower values when compared to the solvent-mixed nanothermite
mixtures (Refer to Figure 8). The relatively small reduction in energy output could be attributed to the
energy dilution from the additional organic matters from the surface modified nanoparticles. Nanothermites
with ER 1.15 were chosen for further studies in the burn tube test and sensitivity tests, in view of their
higher energy output.
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Figure 8. Total energy output of self-assembled nanothermite versus solvent-mixed nanothermite for
various equivalence ratio, measured using Bomb Calorimeter in Argon gas

Total of four combustion experiments (two self-assembled and two solvent-mixed) were performed
using the burn tube setup. However, one of the solvent-mixed nanothermite combustion processes was not
successfully recorded due to overexposure. Combustion processes were investigated by high speed imaging
using Phantom high speed camera. Representative images of the combustion experiments for the
nanothermites are shown in Figure 9. The images show the progression of the flame front from beginning to
the end of the tube. The acquired images were calibrated with respect to a known distance for estimating the
distance travelled by the flame front between consecutive frames. The time elapsed from the first
occurrence of the light and the end of stable propagation of the flame front is also estimated. As illustrated
in the distance versus time plot (Figure 10), the combustion front propagated at an increasing rate from
initiation to approximately one third of the tube (~20 mm) before it reaches a steady combustion rate.

For a comparison of combustion rates between the nanothermite powders, combustion rates were
computed from the centre portion of the burn tube, in the 20-50 mm region, where the burn rate appears to
be consistently stable and constant. The self-assembled nanothermites was capable of achieving an average
burn propagation rate of 618 ± 22 m/s upon steady combustion while the solvent mixed nanothermite was
capable of achieving a burn propagation rate of 526 m/s upon steady combustion. All tubes had similar
ignition delay (elapsed time from trigger to observation of first light) of 51.1 ± 0.6 ms. The combustion
results showed that the self-assembled nanothermites had improved burn rate (17% improvement) in
comparison to the solvent-mixed nanothermites. More tests are required for establishing the statistical
significance of the data obtained.

Machi et al 12 reported similar combustion rate studies on self-assembled nano-Al/ nano-CuO
through surface functionalization and electrostatic-directed self-assembly. Their results showed a large
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reduction (by 1-2 orders of magnitude) in the burn rate of self-assembled nanothermites in comparison to
solvent mixed nanothermites, simply due to the dilution effect brought about by the organic ligands.
Conversely, our results indicated that self-assembly through the use of organic ligands do have a potential
in improving the burn rates of nanothermites

Figure 9. High Speed Camera frame images for the combustion of (a) self-assembled nanothermite
ER 1.15 (Test 1), (b) self-assembled nanothermite ER 1.15 (Test 2) and (c) solvent-mixed
nanothermite ER 1.15.

(a) (b)

(c)
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Figure 10.(a) Representative distance-time plot measured from the high speed frame images of the
combustion of self-assembled nanothermite ER 1.15 (Test 2). Data points within the dotted
rectangular box (20-50 mm region in the tube) are expanded in graph (b) where the slope is used for
computation of combustion speed.

We noted that both solvent-mixed and self-assembled nanothermites are insensitive to impact. No
reaction was observed at the machine’s maximum limit of 50 J (5 kg at 1 m height). Both solvent-mixed
and self-assembled nanothermite powders are sensitive to ESD and very sensitive to friction.13 It was also
observed that the self-assembled nanothermite powder is more sensitive to ESD and friction as compared to
the solvent-mixed nanothermites (Table 4). We could only attribute the increase in sensitivity to ESD and
friction to be possibly a result of better intermixing of the binary system in self-assembled nanothermites.

Table 4. The ESD, friction and impact sensitivities of solvent-mixed nanothermite, self-assembled
nanothermite and reference materials (RDX, TNT) measured with the same equipment

Sensitivity
Tests

Samples Reference

Solvent-mixed
nanothermite

(non- functionalized)
ER 1.15

Self-assembled
nanothermite

(surface- functionalized)
ER 1.15

RDX
(Type 1 Class 5) TNT

ESD (mJ)
86 ± 0.4 72 ± 2.5 > 250 > 250

(@ 79% RH, 23 oC) (@ 60% RH, 26 oC) (@ 69% RH, 23 oC) (@ 73% RH, 25 oC)

Friction (N) 72 ± 13 39 ± 12 211 ± 15 > 291 ± 13

Impact (J) > 50 > 50 13.0 ± 0.7 > 45.0 ± 0.5

CONCLUSION

The Al/ Fe2O3 nanothermite system was prepared via chemically-directed self-assembly through
surface functionalization using organosilanes. The self-assembled nanothermite were well-mixed and
displayed good homogeneity. The self-assembled nanothermites exhibited higher steady state burn rate and
ESD and friction sensitivities indicative of enhanced reactivity of the self-assembled system. Even though

(a) (b)
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the mechanistic aspects is yet to be clearly understood, this work demonstrates the efficacy of a self-
assembly process to produce a homogeneous mix of the fuel and oxidizer components in nanothermites and
boost its applicability as nanoenergetic materials.

REFERENCES

(1) Feng, G.; Jiang, L.; Wen, P.; Cui, Y.; Li, H.; Hu, D. A New Ion-Exchange Adsorbent with
Paramagnetic Properties for the Separation of Genomic DNA. Analyst. 2011, 136, 4822-4829.

(2) Xu, Z.; Liu Q.; Finch, J.A. Silanation and stability of 3-aminopropyl triethoxysilane on nanosized
superparamagnetic particles: I. Direct silanation. Appl. Surf. Sci. 1997, 120, 269-278.

(3) Zhang, C.; Wangler, B.; Morgenstern, B.; Zentgraf, H.; Eisenhut, M.; Untenecker, H.; Kruger, R.;
Huss, R.; Seliger, C.; Semmler, W.; Kiessling, F. Silica- and Alkoxysilane-Coated Ultrasmall
Superparamagnetic Iron Oxide Particles: A Promising Tool To Label Cells for Magnetic Resonance
Imaging. Langmuir. 2007, 23(3), 1427-1434.

(4) Bockmon, B. S.; Pantoya, M. L.; Son, S. F.; Asay, B. W.; Mang, J. T. Combustion Velocities and
Propagation Mechanisms of Metastable Interstitial Composites. J. Appl. Phys. 2005, 98 (6), 064903-1-
7.

(5) Iida, H.; Nakanishi, T.; Osaka, T. Surface Modification of -Fe2O3 Nanoparticles with
Aminopropylsilyl Groups and Interparticle Linkage with -dicarboxylic Acids. Electrochim.Acta.
2005, 51, 855-859.

(6) Cornell, R. M.; Schwertmann, U. Chapter 7: Characterization.The Iron Oxides: Structure, Properties,
Reactions, Occurences and Uses, Edition 2; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
2007; pp 139-146.

(7) Davidovits, J. Geopolymer chemistry and applications, Edition 2; Institut Géopolymère: Saint-
Quentin, 2008.

(8) Kanan, S. M.; Tze, W.T.Y.; Tripp, C.P. Method to Double the Surface Concentration and Control the
Orientation of Adsorbed (3-Aminopropyl) dimethylethoxysilane on Silica Powders and Glass Slides.
Langmuir. 2002, 18(17), 6623-6627.

(9) Crouse, C. A.; Pierce, C. J.; Spowart, J. E. Influencing Solvent Miscibility and Aqueous Stability of
Aluminum Nanoparticles through Surface Functionalization with Acrylic Monomers. ACS Applied
Materials & Interfaces. 2010, 2 (9), 2560-2569.

(10) Moulder, J. F.; Chastain, J. Handbook of X-Ray Photoelectron Spectroscopy: A Reference Book of
Standard Spectra for Identification and Interpretation of XPS Data. Perkin-Elmer Corporation:Eden
Prairie, Minnesota, 1992.

(11) Fischer S. H.; Grubelich M. C. Theoretical Energy Release of Thermites, Intermetallics, and
Combustible Metals. Proc. Int. Pyrotechnic Seminar, 24th, 231-286, 1998.

(12) Malchi, J.Y.; Foley, T.J.; Yetter, R.A. Electrostatically Self-Assembled Nanocomposite Reactive
Microspheres. ACS Appl. Mater. Interfaces.2009, 1(11), 2420-2423.

495



(13) Klapotke, T. M. Chemistry of High-Energy Materials, Edition 1; De Gruyter: Germany, 2011, pp 106-
107.

496



Automated Loading Process of Primary Explosive
Formulations in End Items

Matthew Puszynski1, Zac Doorenbos1, Gartung Cheng2, Neha Mehta2

1Innovative Materials and Processes, LLC, Rapid City, SD, USA
2Armament Research, Development and Engineering Center, Picatinny Arsenal, NJ, USA

Current techniques for the loading of end items with primary explosive materials requires high levels of
manual processing, subjecting workers to both health and safety hazards and are susceptible to human error.
Over the past two decades, a great deal of work has been focused on the development of automated
processes for the safe production of explosive and energetic material loaded end items. These novel
automation techniques, along with newly developed lead-free explosive and energetic materials, can be
applied to increase product quality, reliability, worker safety during manufacturing, and decrease
environmental impacts of end item use in the field. Several potential lead-free primary explosive composites
and energetic material composites have been identified, based on the end item performance requirements.
Possible mixtures for primer applications include i) DBX-1 (Copper (I) nitrotetrazolate) based mixtures,
ii) metastable interstitial composites (MIC), iii) red phosphorous, iv) DDNP (Diazodinitrophenol) based
composites and v) KDNP (potassium 5,7-dinitro-[2,1,3]-benzoxadiazol-4-olate 3-oxide) based composites.

This R&D work has been focused on the application of DBX-1 based composite materials in a percussion
primer system. The effect of various solvents, binders, and loading techniques on the primer sensitivity and
pressure output characteristics of the M42 percussion primers have been investigated. Dry loaded DBX-1
based primers, the composite mixture without binder, showed inconstant primer sensitivity and pressure
output data between batches of prepared primers. To ensure better and consistent dispersion, a wet
processing techniques was investigated. Water, as well as, a binary solvent of isopropyl alcohol (IPA)/water
were tested as slurry processing solvents. The initial tests using water as a solvent led to insensitive primers
due to the water soluble oxidizer recrystallizing into significantly
larger crystal during the drying process. To minimize the solubility
of the oxidizer, the binary solvent consisting of IPA and water was
investigated. For this solvent a binder, hydroxypropyl
methylcellulose, was selected. A binder slurry concentration of 2.5
wt% was used when preparing the green composite slurries. The
manufactured primers were characterized for primer sensitivity
using a drop ball device and for pressure output using a closed
pressure cell. Selected results for the green DBX-1 based M42
primers are presented in Figure 1. The wet processing technique
will allow for the application of an automated dosing system for the
production of such primers. This automated production system will
not only make the process safer, but also minimize the waste stream
and provide high throughput capability. The development of this novel percussion primer technology
involving automated loading approach might be applicable to manufacturing of other igniters and
detonators.

Figure 1. Dynamic pressure
curves for DBX-1 based
percussion primers.
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ABSTRACT 

The energetic materials that are produced on nanoscale offer the promise of increased performance 

in terms of energy density, sensitivity, and rate of combustion, etc. This has been well demonstrated in the 

development of the super-thermite formulations, or the so-called metastable intermolecular composites 

(MICs), where metallic nanoparticles with all three physical dimensions in nanometer size, often referred 

to in other fields as nanodots, have been used as the fuel ingredients to achieve remarkably fast reactions 

and high heat output. With the advance in nanoscience and technology, a great variety of other 

nanostructured materials, such as nanowires and nanorods, flakes and thin nanofilms, and highly porous 

metallic foams with interconnected nanostructures, which are nanometer size in at least one physical 

dimension, have also been synthesized or fabricated, and become available. These newer classes of 

nanostructured materials possess exceedingly high surface areas comparable or even higher than that of 

spherical nanoparticles, and have been shown with interesting energetic properties. The present contribution 

will offer some comparative overview about those recently developed nanostructured materials from the 

prospective of their potential as energetic materials. The discussion will then be focused on a novel 

synthesis approach developed recently in this laboratory for highly energetic foams. The materials thus 

prepared are highly porous with large surface area, extremely pyrophoric in the air, and can be used in 

unprecedented ways to tailor the mode of the energy release for the fabrication of advanced energetic 

modules and devices. 

Introduction 

It has long been known that the energetic properties of the powdered metal particles are largely 

defined by their particle size and the associated surface area.  For instance, the finely powdered iron 

particles has been shown to be extremely pyrophoric upon direct contact with the air if the particle size is 

in the range of 18 to 20 nm [1], or corresponding to a surface area larger than 6 m2/g [2,3].  Obviously, the 

particle size and surface area of any given finely powdered iron particles are two important parameters in 

determining its energetic properties, but they are not necessarily independent variables.  The surface area 

is a function of the particle size, but there are other means to achieve high surface area for materials not 

necessarily nature of finely powdered particles.  Considering the finely powdered metal particles as objects 

small in all physical dimensions, or nanodots (0-D) if in nanometer sizes, one-dimensional (1-D) nanowires 

and nanorods [4,5], two dimensional (2-D) flakes or thin films [6,7], and highly porous foams with 

interconnected framework structures (3-D), such as metallic foams [8] and activated carbons [9], were also 

shown with extremely high surface areas and somewhat energetic characteristics.  However, much of the 

development work in the areas of the metallic materials for energetic application has so far been limited to 

the finely powdered metal particles; the latter morphologies of metallic materials are very much overlooked, 

with few literature reports about their energetic application. 

This main aim of this work is to present a comparative overview of those 1-D, 2-D and 3-D 

nanostructured materials, along with the 0-D metal nanoparticles, from the prospective of their potential as 

energetic materials.  The discussion will be focused on a new class of foam materials recently developed in 

this laboratory which possess large surface area and are extremely pyrophoric in the air. 
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Experimental 

Preparation, characterization and application of metal particles, nanowires, flakes and thin films as 

well as metallic foams mentioned in this work have been extensively reported [1-9], and many of them are 

commercially available.  For the pyrophoric foam materials prepared in this laboratory, iron oxalate 

dihydrate and phenolic resin were used as the iron precursor and the binding compound, respectively, with 

the aid of a solvent such as ethyl alcohol.  As illustrated in Figure 1, an uniform mixture in a form of paste 

were produced and cured at a temperature of 80 to 160 ˚C, and then activated in inert gas or 5% hydrogen 

in argon at an elevated temperature between 300 to 800 ˚C to produce a highly pyrophoric foam.   

 

Figure 1. Schematic of the process to produce highly pyrophoric foam materials 

The thermal treatment process was monitored with a Netzsch STA449C thermal gravimetric 

analysis (TGA) analyzer with simultaneous differential scanning calorimetric (DSC) analysis.  The foam 

materials produced were characterized using a Quantchrome NOVA 4000e gas sorption system with a 

multipoint BET method, a Zeiss Supra 40CP Field Emission Scanning Electron Microscope (FE-SEM), 

and a Rigaku Ultima III x-ray diffractometer (CuKα radiation, λ = 1.54 Å) with Jade 7 software.   

Results and Discussion 

In addition to the 0-D nanoparticles [1-3], the interest in 1-D metallic nanowires, nanorods and 

nanogrids is tremendous due to their potential application in nanoscale electronics, electromechanical 

devices, and 3-D digital printing [4-5], etc. Significant progress has been made in developing techniques 

and processes for fabricating those 1-D metallic nanostructures, but the literature concerning their 

properties for energetic application is nowhere to be found, which certainly indicates an under-addressed 

research area.  In comparison, 2-D metallic flakes or thin films were well explored for their energetic 

application, as the use of metal and alloy flakes in a wide range of pyrotechnic formulations has been well 

documented in the past [8,9].  The fabrication of the pyrophoric foils with iron coating for its application 

as aircraft decoy flares against heat-seeking missiles might provide an excellent case study for this 2D 

metallic energetic materials [10,11].  Typically, a very thin steel foil is coated by either dipping or spraying 

of a slurry with mixed iron and aluminum powders suspended in a suitable solvent and binder. The resulting 

material is then heated rapidly to 500° C to drive off the solvent and binder, and then heated to a relatively 

higher temperatures of about 800 to 1000 °C in a reducing environment to form iron and aluminum alloy 

thin films.  The resulting thin films are reactive in the presence of an oxidizer, and can be further treated 

with an aqueous solution of sodium hydroxide to leach the aluminum out of the alloy, which renders the 

remaining iron thin film porous and highly pyrophoric at ambient condition. 

Metallic foams, especially aluminum foams, with interconnected framework structures are well 

known [12-14], and the commercial products with varying porosity, surface area, wall thickness, and 

structural morphology have become readily available.  These metallic foam materials are known to have 

many interesting physical and mechanical properties which dense materials do not exhibit.  The density of 

this class of materials, for example, is only a fraction of that of a solid structure but with high specific 

strength and stiffness, and they are also shown with high absorption of impact energy, vibration and sound.  

These properties make metallic foam materials attractive for a wide range of industrial applications, 

particularly in automotive and construction fields.  There are many conventional metallurgical processes 

for fabricating metallic foams depending on the starting metals of either in liquid or solid state.  Melted 

metal liquids can be foamed directly by injecting gas, gas-releasing foaming agents or by producing 

supersaturated metal and gas solutions [8].  Metal powders can also be used as starting materials for metallic 
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foams by forming compacted mixtures with foaming agents that can be foamed in a controlled heating 

process [13].  In a well-documented process to fabricate the aluminum foam via this powder metallurgy 

route [8], aluminum powder is blended uniformly with titanium hydride powder, TiH2, which serves as a 

blowing agent and decomposes at the temperature near the melting point of aluminum while releasing 

hydrogen gas.  The precursor mix is then compacted and heated to slightly above its melting point, resulting 

in melting and subsequent expansion of the liquefied but still highly viscous metal slurry, and the eventual 

formation of aluminum foam structure with high porosity.  Various fabrication parameters, such as mix 

composition, compaction pressure, and foaming temperature, are found to be critical to the structural 

properties of the aluminum foams.  The fabrication of metallic foams has also been shown to be feasible 

via a so-called self-propagating high-temperature synthesis (SHS) [13,14], where the synthesis is initiated 

by point-heating of a pyrotechnic formulation column containing precursor chemicals to form targeted foam 

products, and sustained with a wave of exothermic reactions with constant stoichiometry passing steadily 

through each consecutive sections of the column.  As an example, Kobashi et al. recently showed the 

feasibility of a self-propagating foaming process to produce aluminum-nickel alloy foams by combining a 

highly exothermic reaction of titanium and boron carbide as reactive agents [14].  It was shown that the 

microstructure of the material could be controlled by tailoring the reactant composition and distribution, 

and the porosity of the material is dependent on the percentage of reactive agents present in the synthesis 

matrix.  Despite this progress, most of those metallic foam materials produced so far are for applications 

where the overall structural properties, such as specific strength and stiffness, are considered important. 

There are very limited references, to the best of our knowledge, for using metallic foam materials for 

energetic applications.   

For energetic applications, most of those known metallic foam materials lack hierarchical 

micro/nano-scale structures with defined wall thickness.  As a result, it would be difficult to expect any 

desirable level of uniformity for an energetic formulation in which a metallic foam material were employed.  

Some opportunities for developing such metallic foams with hierarchical micro/nano-scale structures into 

energetic materials have been discussed before [15], however, a method disclosed by Gash et al. represents 

a significant attempt to produce porous metallic materials highly energetic at ambient condition [10].  It 

was demonstrated that a highly porous and pyrophoric iron material with relatively high surface area could 

be produced via a sol-gel synthesis route, in which a nanostructured metal oxide-based gel was first 

produced in aqueous solution, followed with drying to produce a xerogel or aerogel by atmospheric 

evaporation or CO2 supercritical solvent extraction, respectively.  Further thermal treatment of the xerogel 

or aerogel in a reducing atmosphere led to the formation of a porous iron material which possessed relatively 

high surface area and was ignitable with the application of a thermal source such as a flame.  It was pointed 

out that the sol-gel synthesis route was very attractive because it offered a low temperature alternative to 

synthesize homogeneous materials with variable compositions, morphologies, and densities.  Most recently, 

Schaedler et al. reported the synthesis of a so-called metallic microlattice, or an ultralight metallic foam 

material, with a density as low as 0.9 kg/m3 and close to 99.99% air filled by volume [16].  The material 

was regarded as one of the lightest structural materials known to science.  To produce the metallic 

microlattice, a large free-standing 3D polymer lattice template was first prepared, then coated with a thin 

layer of metal by electroless metal plating.   The template was subsequently etched away, leaving behind a 

free-standing, porous metallic foam structure.  The initial metallic microlattice samples were reported made 

of a nickel-phosphorus alloy, composed of a network of interconnecting hollow struts of about 100 

micrometres in diameter and wall thickness of close to 100 nanometres.  These metallic microlattices were 

observed with superb elasticity similar to an elastomer with their shape completely recovered after 

significant compression, which gives them a significant advantage over other known ultralight nonmetallic 

materials, such as silica aerogels and aerographite [17] which are brittle in nature.  The potential application 

for these metallic microlattices has been suggested to be in the areas of thermal and vibration insulators, 

such as shock absorbers, spring-like energy storage devices, and battery electrodes as well as catalyst 

supports.  As a potential energetic material, it would certainly be interesting to see its burning characteristics 

being examined. 
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Carbon, though not generally considered metallic, is an interesting element in terms of its energetic 

properties, which is actually comparable to many metallic materials, and the potential to facilitate 

construction of various metallic structures.  Among known carbon allotropes, including amorphous carbon, 

graphite, diamond, and the newly discovered fullerenes like buckyballs, carbon nanotubes, carbon 

nanobuds and nanofibers [18], the amorphous carbon is the most common form present as the main 

constituent of substances in charcoal, lampblack (soot) and activated carbon.  Carbon in certain forms is 

known to be highly flammable, and somewhat pyrophoric at certain conditions, and its use as fuel in 

energetic formations, such as black powder, a unique blend of potassium nitrate (saltpeter), charcoal and 

sulfur, has been known for over a thousand years with extensive documentation in the past [19].  In addition 

to those known carbon materials which typically possess very small micro porosity of less than 1 nm and 

extremely high surface area, a new class of carbon foam materials with much larger and defined pore 

structures have also been developed in the past decades [20]. These carbon foams were typically made by 

the pyrolysis of thermosetting polymer, mesophase pitches, or other alternative precursors with a “blowing” 

technique prior to final carbonization and graphitization steps [21,22].  More recently, a process that does 

not require the traditional blowing and stabilization steps was also developed at Oak Ridge National 

Laboratory (ORNL) [22].  The foam obtained with this process was of graphitic nature with open cell 

structures comprised of large cavities and channels which would be important to mass transportation.  Due 

to its light weight, high thermal conductivity and low thermal expansion, ORNL’s carbon foams have been 

evaluated for many aerospace and industrial applications, including thermal insulation, impact absorption, 

catalyst support, and metal and gas filtration.  It would be very interesting to further evaluate those carbon 

foam materials for their potential application as energetic materials, either as fuels or energetic hosts for 

metallic fuels, oxidizers and other energetic ingredients. 

Incorporation of metallic elements into highly porous carbon foams has long been known as an 

effective way to produce composite materials with much enhanced energetic properties.   Gash et al. 

recently described a process for fabricating highly pyrophoric metallic carbon foam [23], in which a carbon 

monolith was first produced and thermally activated in carbon dioxide gas or steam to create a foam 

structure with a bimodal pore structure of micropores and macropores.  The metal ions of iron, platinum, 

titanium, nickel, tin, and/or zirconium were then loaded into the pores of the carbon foams via liquid 

impregnation of an aqueous or nonaqueous metal salt solution, followed by further thermal treatment in the 

presence of a chemically reducing agent, such as hydrogen gas or carbon monoxide in an inert carrier gas, 

to reduce the metal ions to metal particles.  The resulting metal-carbon composite foams were reported 

pyrophoric and burn spontaneously upon exposure to air.  It was been pointed out that the loading 

percentage of metals was a defining parameter for the energetic properties of metal-carbon composite 

foams.  In the case of metal iron, the metal-carbon composite foams only become pyrophoric if the iron 

loading was higher than 3% by weight.  However, the loading level of metal ions in such a carbon foam is 

presumably dictated by its porosity, which is predominated microporous of less than 1.0 nm channels for 

the typical activated carbons. Therefore, the transportation of the precursor iron ingredients into the existing 

narrow channels of activated carbons is severely hindered, as is its interaction with oxygen in air for use as 

a pyrophoric material.  This class of materials is reported in the past mostly as catalysts rather than 

pyrophoric materials. 

We had recently demonstrated a novel one-pot synthesis process to produce extremely pyrophoric 

foam material, in which pyrophoric metal particles and flammable carbon matrix were formed concurrently 

[24].  The precursor metal molecules, such as iron oxalate dehydrate, were first well dispersed and locked 

into a polymeric matrix, such as a thermoset polymer, followed with thermal treatments to produce 

pyrophoric iron particles in tailor-built cavities and channels formed simultaneously through carbonization 

of the polymeric matrix.  Since the decomposition of the precursor iron metal molecules or clusters and the 

carbonization of the polymeric matrix both occurs simultaneously, the synergy between these chemical 

reactions are fully exploited.  The gaseous products from the decomposition are serving as the foaming and 

activation agents for the carbonization of the polymeric matrix, while the evolving carbon matrix are being 

continuously carved to accommodate the newly formed pyrophoric iron particles.  
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Figure 2. Scanning electron microscopic (SEM) images foam materials cured at 

160 ˚C (left) followed with activation at 500 ˚C in Argon (right). 

As shown in Figure 2, both the cured and further activated foam materials are highly porous with 

large channels apparently formed during the precursors’ decomposition and carbonization processes.  In 

comparison, the final activated foam materials are less charging sensitive than the cured ones, indicating 

increased conductivity due to carbonization of the polymeric matrix.  Further characterization of the 

materials, in terms of the size and distribution of the metallic iron particles as well as its structural 

morphology down to nanometer scale, is currently underway. 

  

Figure 3.  Thermogravimetric (TG) and differential scanning calorimetry (DSC) measurement of 

the material upon exposure to air flow at ambient condition: pyrophoric foam (left) and metallic 

particles (right) produced at 500 ˚C in Argon.   

Upon exposure to the air at ambient temperature, shown in Figure 3, TG/DSC results revealed a 

much an intense thermal event for the foam material than the metallic powder particles produced without 

using a carbon-based matrix precursor.  A much intense combustion was observed with sharp rise time and 

significant weight gain.  It is apparent that both the pyrophoric iron particles and the carbon matrix are 

highly flammable and contribute to the total heat output. 
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Conclusions 

As a final note, the temperature and radiated energy of the pyrophoric foam materials could be well 

predicted as a function of the physical characteristics of the materials, such as porosity, pore size, specific 

surface area.  It would be providing a great service to the energetic communities if further studies are 

conducted on the diffusive mass transport, heat transport, and chemical reactions of the pyrophoric foams, 

which might leads to the development of a mathematic model for the combustion. 
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ABSTRACT 

Magnesium is used widely in pyrotechnic compositions and is known to be extremely vulnerable to 

moisture.  Heat Flow Microcalorimetry (HFMC) was used to perform accelerated aging tests on pellets of 

magnesium-Teflon®-Viton® (MTV) composition.  The main underlying premise in this study is that the 

measured heat flow for the test sample is directly related to the reaction of the magnesium in the sample 

with moisture.  TGA data was collected at different time intervals and plotted against the corresponding 

total heat flows.  A reasonable linear fit to this data was made showing that heat flow is a direct indicator 

of magnesium degradation. 

 

The Arrhenius Law states that the rate of a chemical reaction increases as temperature increases.  

Therefore, it is expected that samples exposed to higher temperatures will exhibit higher levels of 

degradation and corresponding heat flows for a given time, or that the time to reach a particular level of 

degradation is shortened at elevated temperatures.  This is the foundation for accelerated aging tests. 

For our purposes, the rate constant at ambient temperature can be compared to the rate constant at the 

desired accelerated aging temperature to determine the equivalent time duration at ambient temperature 

that the aging period represents.   

 

A common method of HFMC data analysis is to plot the natural log of heat flow values at different 

temperatures as a function of inverse temperature.  A linear fit is performed and the slope and intercept 

are used to define the rate constant.  From this formula, the rate constant can be determined at any 

temperature.  The ratio of rate constants provides a scaling factor that can be used to determine how much 

time at ambient conditions that a period of accelerated aging at a specific elevated temperature represents.  

Typically this analysis is done using the steady state value of heat flow achieved after some period.  The 

fundamental problem applying this method to the HFMC test setup is the assumption that the system will 

eventually arrive at a steady state.  In our setup, one of the reactants will be limiting depending on the 

sample size and amount of humidity available, and a steady state heat flow will not be achieved until after 

the limiting reactant is consumed – and no further reaction occurs.  Because the system is closed and of 

finite size, the concentration of the limiting reactant is changing rapidly as it is consumed.  This is not a 

steady state condition. 

 
Another approach assumes that the heat flow is proportional to the amount of material that has reacted.  

The integrated area under the heat flow curve, thus, represents the total material reacted over a window of 

time.  Identical integrated heat flows should indicate identical degradation levels.  So as an alternate 

means of determining time scaling for aging tests, the time to reach an arbitrary integrated heat flow for 

the sample at different temperatures may be used instead.  These times can be plotted as a function of 

inverse temperature.  A linear function can be fit to this data, and this formula can be used to predict the 

time to reach the integrated heat flow level at ambient temperature.  A time scaling factor may be 

determined in the same way by comparing the time elapsed to reach the heat flow level at ambient to that 

to reach the same level at elevated temperature.  However, the ability to use heat flow data to predict the 

aging behavior of a material is highly dependent on the quality of the heat flow data (where baseline is 

set, noise), the shape of the heat flow curve at one temperature relative to another, and the variability of 

this data from one sample to the next.  The heat flow data obtained in this study was of inadequate quality 

to be useful in determining time scaling factors. 
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Pyrophoric iron-based alloys when exposed to air, can generate combustion temperatures in excess of
900oC. Various techniques for the formation of pyrophoric iron based materials have been reported over
the past three decades. The most commonly used technique for the formation of highly porous iron alloy
foils relies on a caustic chemical leaching technique. Bottom-up approaches for the formation of iron based
pyrophoric substrates have been previously reported by these authors. Our new bottom-up technique allows
to manufacture substrates or structures with tunable burning characteristics by adjusting constituent ratios,
substrates porosity, and/or the addition of reactive and non-reactive materials.

Processing techniques of tape casting, cold isostatic pressing (CIP) and wet casting techniques for the
bottom-up formation of iron-based pyrophoric substrates and structures were investigated. The research
focused the use of the traditional ceramic processing method of tape casting for the formation of thin
pyrophoric composite substrates. The thin substrates were made using the following four step process: 1)
slurry preparation, 2) tape casting, 3) heat treatment / sintering, and 4) hydrogen reduction of the iron oxide
to iron. The composite slurry consisted of iron oxide
nanoparticles, a ceramic additive, and in some cases the
addition of a binder. For these studies the application of
silicates (aluminum, magnesium, lithium, or sodium),
bentonite, montmorillonite, Boehmite, or feldspar were
tested in concentration ranges varying from 5 to 50 weight
percent. The use tape casting allowed for the repeatable
production of iron/aluminum silicate thin films with a
thickness of 0.014” – 0.017”. Optimized production
techniques allowed for the production of over 8000
pyrophoric iron-ceramic composite substrates with the
0.9” x 0.9” dimensions. The dynamic combustion profiles
for selected iron-aluminum silicate composite substrates
when exposed to flowing air are presented in Figure 1.

In addition to the tape casting method, processing techniques of cold isostatic pressing and wet casting were
investigated for the formation of three dimensional structures (1” x 1” x 8”) that are pyrophoric after
hydrogen reduction. The pyrophoric response of the structures was measured in flowing air with
temperature greater than 500oC being recorded with sustained combustion temperature greater than 200oC
for over 10 minutes.

Figure 1. Dynamic combustion
characteristics of three iron-aluminum
silicate composite substrates when
exposed to flowing air.
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YeungJo Lee, Agency for Defense Development, Daejeon, Republic of Korea

Dongjin Kim, Hanhwa Corporation, Daejeon, Republic of Korea

Extended ABSTRACT

Space launch systems or rockets are getting more advanced with complicated missions. Recently,

launch vehicle systems utilize various separation devices for the separation from launcher, stage

separation during flight, payload fairing separation, and separation deployable of some structures. An

explosive bolt is the representative separation device which has been developed and widely adopted since

the 1960’s. The explosive bolt has an initiator and a high explosive charge. Recently developed explosive

bolt is separated by stress waves generated from the detonation of high explosive such as Research

Department explosive(RDX), Pentaerythritol tetranitrate(PETN), High-Molecular-weight rdX(HMX) and

so on. The explosive bolt has high reliability and high actuation energy, but generates intensive pyroshock

and separation fragments, which can cause critical problems and malfunctions in structures and electrical

devices. To avoid those problems caused by explosion, various type of low-shock separation devices have

been developed. The pressure cartridge type separation device is one of the low-shock separation devices

and it uses the initiator as the pressure generating actuator. For the pressure cartridge type separation

device, high pressure gas generated from the initiator pushes internal parts so that the movement triggers

unlocking mechanisms. This separation mechanisms generate much lower pyroshock than explosive bolts,

but it is difficult to precisely identify the separation mechanisms such as movement and interaction of the

internal parts because of short operation time and characteristics of combustion of initiator propellant; the

maximum pressure of combustion gas is nearly 4600 psi.
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In this research, an analytical model of a ball-type separation bolt which uses pressure cartridge is

developed to describe the separation mechanisms. The ball-type separation bolt consists of a housing, a

bolt, a piston, three balls and an initiator. Basically, the operation concept is as follows: first, when an

electrical signal is given, propellant of initiator starts to burn and generate combustion gases rapidly. Then

high pressure gases push the piston, the three balls, which constrain the bolt and the housing, are moved

to inside of the piston. To figure out and simplify the procedure of separation, AUTODYN 3-D analysis

results (up to 0.6 ms) are used. First of all, to consider the pre-stress of bolt, the static structural analysis

results and the 3-D mesh model with simplified separation bolt model is transferred to ‘explicit dynamics’

of ANSYS Workbench for add the pressure force on piston. The pressure loaded on piston surface is

applied by four divided pressure-time history from test data on ‘explicit dynamics’. According to the

separation test result, maximum pressure is 4600 psi at 0.05 ms after the ignition. In this analysis

procedure, 3-D mesh model for explicit dynamic is strongly recommended to generate by regular size and

low aspect ratio to enhance the efficiency of calculation. Average mesh element size is 1 mm and the

maximum aspect ratio is 5.3135 at piston in this analysis. Finally, static structural analysis result and

explicit dynamic setting are entered into AUTODYN setup. To summarize the results of analysis, first,

shear pin is failure at 0.06 ms, then piston moves towards the bolt. After the balls and piston are detached,

constrain of the balls is removed. At 0.19 ms, 3-balls started to drop into the piston, then the balls are

moving into the piston. During the balls are moving, piston and bolt are collided at annular contact

surface at 0.39 ms. Because of this collision, the bolt is sharply accelerated while the piston is

decelerated ; the piston seems to almost stop instantly. Finally the separation process was finished at 0.44

ms.

This AUTODYN analysis results can be utilized to establish the simplified mathematical model.

Before the establishing of the mathematical model, whole separation procedure is divided into five stages

focused on mechanical event of those parts. Each stage is governed by different simultaneous differential

equations containing equations of motion and combustion equations. Saint Robert's Law (a.k.a Vieille's
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Law) is applied as combustion model of ZPP propellant. To simulate the collision of the piston and the

bolt, approximate collision model by parametric study is added about stiffness and damping coefficient

based on the AUTODYN simulation result; it is reasonable assumption that the virtual spring and damper

are between the piston and the bolt. The MATLAB function ODE45 is used to calculate this mathematical

model, which consists of simultaneous differential equations. The results of mathematical model present

not only the state of combustion gas such as dynamic pressure, density, chamber volume and burning

distance but also time history of movements of the piston, the bolt and the three balls. Initial oscillation of

bolt from AUTODYN analysis result is because there is small gap between bolt and balls in 3-D

geometric model. Comparing piston velocity history with the result of mathematical model, it seems that

two graph coincide pretty well with each other. This mathematical model can be effectively used to

predict and simulate the effects of design parameter variations and enables to decrease the overall

development cost and time.
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Design and Test on Pyroshock-reduced Separation Device

Yeung Jo Lee, Zaeill Kim, Hong Been Chang
Agency for Defense Development,

Yuseong P.O.Box 35-41, Daejeon, South Korea

ABSTRACT

Various types of pyrotechnic separation device have been developed for military and aerospace
applications. Due to high reliability and simple design scheme, explosive bolt with built-in high
explosives has been generally employed to break the bolt for separation and developed to reduce
debris or fragmentation with improved computational analysis methodology. Fracturing hard steel,
however, results in high pyroshock more than 10,000 g, which limits its location and application away
from shock-sensitive devices such as electronics.

In order to get rid of pyroshock contribution coming from material fracture, we studied ball-
release mechanism, which is also generally adopted for pyrotechnic separation device. Compared to
explosive bolt, this pyroshock-reduced separation device (PSD) using ball-release mechanism needs
high pressure generated from combustion of explosives rather than shockwave from detonator.

We notice the ball engagement is critical in the reliable separation and develop new design.
Before firing, almost half volume of ball is locked inside the housing and rest volume is in the bolt.
Therefore our separable rod or bolt is positioned between the housing and piston by means of balls,
which allows stable ball positioning and also the cross-section of piston to be small enough to contain
balls for smaller initial free volume. After firing, balls would drop inside the piston.

We perform static separation tests using hydraulic tester for the actuation instead of pressure
cartridge. By measuring the dependence of separation load on the ball position, we can figure out the
optimum distance between the housing surface and the center of the ball. We also perform dynamic
separation tests using pressure cartridge. By measuring the dynamical pressure inside the device and
load applied to bolt we could estimate the margin of dynamic separation safety.

Introduction

Explosive bolts are reliable and efficient mechanical fastening devices having the special feature
of a built-in release. They are ideally used in space shuttle, missile, aircraft and underwater vehicle
systems, for example for launcher operation, stage separation, discharge of external tanks, thrust
termination, and many other applications. There must be no reconstruct between the separating bodies,
no detrimental shock loads induced in the structure, and no excessive or harmful debris(1).

The disadvantage of explosive bolt lies in that it is based on the high explosive effect of a
pyrotechnic charge. Indeed, one or several primary explosives are used possibly in association with
one or several secondary explosive or energetic but highly confined substances. However, primary
explosives are sensitive materials, which are thus difficult or hazardous to implement(2). So as to
ensure the fracture of mechanical support parts the quantities of pyrotechnic charge necessary are also
substantial (>100 mg), thereby further increasing the risks and the cost. When the explosive bolt is
ignited, there is a risk of fragments of it remaining caught in the different elements thereby perturbing
their detachment or separation(3). The separation effort of the two elements is thus non-reproducible
and the device is not reliable enough unless an unacceptably large quantity of explosive is used.

The aim of the present work is to propose a pyrotechnically releasable mechanical linking device
for two mechanical elements that does not suffer from such drawbacks. The pyrotechnically releasable
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mechanical linking device such as the all type bolt according to the invention is simple, compact and
inexpensive in structure. It is simple to implement and permit the use of only a reduced quantity of
pyrotechnic composition, such composition possibly being devoid of any primary explosive at all. A
standard pyrotechnic pressure cartridge can moreover be easily integrated inside the device according
to the present work and this with no modification to its structure. Additionally, the device is reliable
and ensures good reproducibility of the separation effects of the mechanical elements.

Design of the Pyroshock-reduced Separation Device (ball type bolt)

The Pyroshock-reduced Separation Device or ball type bolt is consisted of pressure cartridge,
housing, body, piston and balls as shown in Fig. 1. The ball type bolt relates to a pyrotechnically
releasable mechanical linking device between a first and second mechanical element, said first and
second elements likely to be subjected tensile and/or compressive forces along an axis, said device
comprising at least one pyrotechnic component and at least one locking means linking the two
mechanical elements along at least one axis, here locking means able to be released when the
mechanical elements are subjected to tensile and/or compressive forces along said axis and that is held
in its locking position by retention means that are released by the pressure of gases generated by
igniting the pyrotechnic component, wherein the retention means comprise a cap integral with a head
carrying the pyrotechnic component(4). According to one characteristic of the present device, the
device incorporates a chamber in which the gases generated by the pyrotechnic composition develop.
According to a first embodiment, the locking means were constituted by at least two balls housed in
holes arrange in a tubular sleeve integral with the first of the two mechanical elements that co-operate
with a groove integral with the second mechanical element, said balls being held in place by the cap
that is able to move so as to release the balls further to the pressure of the gases generated by the
pressure cartridge.

Fig.1. Shape of ball type bolt

Structural analysis using ABAQUS allowed us confirming the stress distribution around the
contact area among ball, housing, bolt, and piston. The applied load for the simulation was obtained
from the Schatz bolt torque-tension tester, which converts the bolt tightening torque to tension. Fig. 2
below from the simulation shows the stress distribution around the ball contact area, especially the
biggest stress between bolt and housing.
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Fig.2. Stress distribution simulation around the ball

Table 1 below shows the material properties and static structural analysis results. The maximum
stress level on each component from the simulation is lower than the yield tensile strength level and
confirm the structural safety of the device.

Table 1. Static structural analysis (unit: kg/mm2)

Piston Housing Bolt Ball

Material STS420 STS420 STS630 Tungsten carbide

Yield tensile strength 180 180 136 -

Ultimate tensile strength 184 184 144 -

Ultimate compressive strength - - - 597

Maximum stress 95 169 56 209

Results and analysis of static separation test

In order to determine the configuration of ball position, the static separation force FSS , or the
force required for the separation with the hydraulic pressure was measured as d1, the distance between
the center of ball and the surface of the housing and also d2, the depth of V-groove of the ball. We
used hydraulic tester to apply the load to the piston and measure the separation force. The Table 2
below shows this static separation test results. During the test, the bolt tightening torque was 400 in-
lbs, which corresponds to tensile load of 685 kg.
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With increased d1, the static separation force developed also larger. In addition, deeper d2 also
resulted in bigger static separation force due to larger contact area between groove and ball.
Considering the structural safety, we selected the optimum distance d1 of 0.8 mm and d2 of 0.4 mm
despite of bigger separation force.

Table 2. Static separation force (unit: kgf)

d1 Test 1 Test 2 Test 3 Test 4 average

0.4 mm
(no V-groove)

75.0 62.5 62.5 81.3 70.3

0.6 mm
(no V-groove)

75.0 - - - 75.0

0.4 mm
(d2=0.2mm)

62.5 87.5 75.0 - 75.0

0.8 mm
(d2=0.4mm)

75.0 87.5 87.5 - 83.0

Results and analysis of dynamic separation test

In order to measure the separation load or dynamic separation force with the pressure cartridge,
we devised the test equipment shown in Fig. 3.

Fig. 3. Dynamic separation test equipment

Since the bolt would fly upward with high speed upon the separation, the bolt was topped with a
dummy mass object and the object was monitored by a high speed camera. The bolt was connected to
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the dummy mass and will move together with the piston and balls. Therefore we could measure the
speed and acceleration of the bolt and piston by monitoring the dummy object. Then we can calculate
the inertial force Fma of the dummy object which includes the dummy mass, bolt, piston, and balls.
And the weight Fdw of the dummy mass object also should be considered since the equipment is
upright.

Also from the measured acceleration, the resistive forces such as ball friction Fbf and O-ring
friction force Fof were estimated. Here we assume the dynamic separation force, or the force required
for the separation with the pressure cartridge FDS is sum of shear force for shear pin, Fbf and Fof. A
load cell with strain gauges was installed outside the device and allowed to measure the load applied
to the device in real time.

And small hole of diameter of 1 or 2 mm was drilled on the housing for the real time pressure
measurement inside the device. During the separation, the piston moves out and the pressure inside
the device should decrease. So we denote the maximum pressure as Pmax and the average pressure Pave,
which is defined as the average pressure from when the piston starts moving to when the balls begin
being released. From the average pressure Pave and the cross sectional area of the piston we could
estimate the average load Fpre applied to the piston from the pressure cartridge. Then by assuming the
average load Fpre is the sum of all forces mentioned we can estimate the dynamic separation force as
Eq. (1) below.

FDS = Fpre – (Fma + Fdw) Eq. (1)

Fig. 4 shows the dynamic separation test results. From Fig. (a) the maximum pressure Pmax

reaches in 0.18 ms, the ball separation begins in 0.36 ms, and all the events end in 0.5 ms. And we
notice the load applied to the device dropped as soon as the pressure cartridge ignites and conclude
that the separation is done when the load disappears to zero. For accurate measurements we had to
increase the sampling rate and Fig. (b) shows the data with the sampling of 100K. Table 3 summarizes
the dynamic separation test results.

Fig. 4. Dynamic separation test results. (a) Sampling rate up to 50 K, (b) up to 100 K
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Table 3. Dynamic separation force (unit: kgf)

Pave (psig) Fpre (kgf) Fma (kgf) Fdw (kgf) FDS (kgf)
2 006 217.0 174.5 1.3 41.2
1 765 191.0 148.4 1.3 41.3
1 782 192.8 141.5 1.3 50
1 810 195.8 150.5 1.3 44
1 803 195.1 143.0 1.3 50.8

We define the dynamic separation margin as Fpre divided by FDS. When the bolt tightening torque
was 400 in-lbs, we obtained the average load Fpre of 205.2 kgf and dynamic separation force of FDS of
41.2 kgf. This gives us the dynamic separation margin of 4.98. If we consider the maximum pressure
for Fpre, bigger dynamic separation margin as much as 8 can be obtained. And for the worst case of
separation force of 83 kgf from the static test, the separation margin would be 2.5.

Summary

In order to develop pyroshock-reduced separation device, so called ball type bolt, we perform the
structural analysis, static and dynamic separation tests. From more than 40 tests adjusting design
parameters we could characterize and optimize the ball type bolt and achieve especially separation
margin of 5 from dynamic test and 2.5 from static test.
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ABSTRACT 

 

On June 12, 2013 the European Parliament and the Council adopted the Directive 2013/29/EU [1] on the 

harmonisation of the laws of the Member States relating to the making available on the market of 

pyrotechnic articles. Although this Directive lays down principally rules on the accreditation of conformity 

assessment bodies, on the framework for the market surveillance of products and for controls on products 

from third countries, and on the general principles of the CE marking, it also requires identification and 

authorisation of what is called ‘person with specialist knowledge’ to handle and/or use of certain categories 

of articles. These categories, defined in the Directive, are category F4 fireworks, category T2 theatrical 

pyrotechnic articles and category P2 other pyrotechnic articles which concerns pyrotechnics usually known 

as articles for professional uses. The process of identification and authorisation is remained in the hands of 

each European Member States.  

We give in this paper example of the type of pyrotechnic articles concerned by these categories and we 

present the different approaches followed by the Member States for the identification, authorisation and 

training of person with specialist knowledge on their territories. 

 

 

Introduction 

On June 12, 2013 the European Parliament and the Council adopted the Directive 2013/29/EU on 

the harmonisation of the laws of the Member States relating to the making available on the market of 

pyrotechnic articles. This Directive is taken as a recast of the Directive 2007/23/EC [2] following the 

adoption of the “New Legislative Framework” according to the Decision N° 768/2008/EC [3]. Although 

this Directive lays down principally rules on the accreditation of conformity assessment bodies, on the 

framework for the market surveillance of products and for controls on products from third countries, and 

on the general principles of the CE marking, it also requires identification and authorisation of what is 

called ‘person with specialist knowledge’ (PWSK) to handle and/or use of certain categories of articles. 

 

 

Categories of articles concerned by PWSK 

The pyrotechnic articles in the scope of the Directive 2013/29/EU are divided in different categories 

according to their types and hazard, see Table 1. The categories F4 fireworks, T2 theatrical pyrotechnic 

articles and P2 other pyrotechnic articles (showed in bold characters) are the three categories requiring 

special attention for their placing on the market as they must be made available only to people having 

adequate competencies. In most of the cases these articles refer to pyrotechnics usually known as ‘articles 

for professional uses’ but not only. The categorization is based on the hazard that may present the article 

and/or its handling and use, in this sense there is no reference to an initial category of users. An article that 
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would have an interest to be used by the general public may be categorized in F4, T2 or P2 and consequently 

could not be made available to this category of users. 

 

Type of article Category Definition 

Fireworks 

F1 

Fireworks which present a very low hazard and negligible noise level 

and which are intended for use in confined areas, including fireworks 

which are intended for use inside domestic buildings 

F2 
Fireworks which present a low hazard and low noise level and which 

are intended for outdoor use in confined areas 

F3 

Fireworks which present a medium hazard, which are intended for 

outdoor use in large open areas and whose noise level is not harmful to 

human health 

F4 

Fireworks which present a high hazard, which are intended for use only 

by persons with specialist knowledge (commonly known as fireworks 

for professional use) and whose noise level is not harmful to human 

health 

Theatrical 

pyrotechnic 

articles 

T1 Pyrotechnic articles for stage use which present a low hazard 

T2 
Pyrotechnic articles for stage use which are intended for use only by 

persons with specialist knowledge 

Other 

pyrotechnic 

articles 

P1 
Pyrotechnic articles, other than fireworks and theatrical pyrotechnic 

articles, which present a low hazard 

P2 

Pyrotechnic articles, other than fireworks and theatrical pyrotechnic 

articles, which are intended for handling or use only by persons with 

specialist knowledge 
Table 1: List of categories of pyrotechnic articles 

In this paper we will concentrate on other pyrotechnic articles of category P2. Unlike fireworks or 

theatrical pyrotechnic articles which are types of articles having certain similarity in construction and use, 

the P2 category includes all other types of articles that necessarily mean more heterogeneity in this category. 

As examples of articles belonging to this category we can named: rock breaking cartridge, anti-hail rocket, 

powerful extinguisher system, some fuses and igniters, large gas generators... 

This variety of articles of category P2 makes it difficult to have common prescriptions for safe use 

and handling. It is also in most of the cases not possible to display safety instructions only on the label of 

the article. And usually the handling of such articles requires skills knowledge and experience that need to 

be obtained by practice. 

 

 

Person with specialist knowledge (PWSK) 

 A person with specialist knowledge (PWSK) is defined in the Directive 2013/29/EU as a person 

authorised by a Member State to handle and/or use on its territory category F4 fireworks, category T2 

theatrical pyrotechnic articles and/or category P2 other pyrotechnic articles. This definition places the 

responsibility on the EU Member States for the process of identification and authorisation of PWSK. It also 

by consequence makes the definition of a PWSK dependent of the requirement applied by the different 

Member States.  

 EU Member States shall inform the European Commission of the procedures they use to identify 

and authorise person with specialist knowledge. These procedures should not hinder the free circulation of 

European workers which supposes a kind of equivalency between the different procedures or more exactly 

an equivalent level of requirement. A formal recognition of the procedures is not expected for the moment. 

 The different procedures put in place by the Member States are usually based on some security 

screening of the records of the person (no criminal activities...) and other prerequisite to fulfil age limit, 

good mental health and basic education, a training course which includes a theoretical and a practical course 
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and an examination of the knowledge. The training courses may vary from a few hours to more than week. 

The theoretical training includes topics on general safety and hazard related to the products, regulation for 

use, storage and transport of pyrotechnics. The practical course covers operating instructions, handling and 

functioning of the article. In some cases it is also required that the person demonstrate a certain number of 

year of experience in using the article. The examination includes an evaluation of the theoretical and 

practical knowledge of the person. 

 To take into account the large variety of articles in category P2, some Member States defined 

processes including different levels of authorisation or authorisation for specific task such as picking, 

packaging of articles, handling or use. The authorisation can be then limited to certain types of articles and 

operations with them. 

The authorisation or approval of the PWSK is usually granted for a limited period of 3 to 5 years 

and is subject to either a reassessment of the knowledge of the person by taking a short examination or a 

renewing of the authorisation based on justification that the person maintained its knowledge. This 

demonstration can be done for example by evidence that the person has regularly used the articles for which 

he is qualified. 

 

 

Conclusion 
 If the Directive 2013/29/UE contributes largely to the harmonization of the regulation applicable 

in the different EU Member States and must increase the level of safety in the pyrotechnic articles placed 

on the European Market, there are still some minor differences in the identification and authorisation 

process for person with specialist knowledge applied by the Member States. These differences are most of 

the time not based on technical requirement for the skills of the people but on knowledge that may have 

people from the general regulations and languages of the different countries. 
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Mechanisms of Thermite Reactions during Combustion of Magnesium with
Lunar and Martian Regolith Simulants

A. Delgado, S. Cordova, E. Shafirovich
Department of Mechanical Engineering, The University of Texas at El Paso, El Paso, TX, USA

Recently, it has been shown that mixtures of JSC-1A lunar regolith simulant with magnesium are
combustible [1-4]. Thermite-type reactions in these mixtures could be used for in situ production of
construction materials on the Moon. Because of complex composition of lunar regolith, however, the
mechanisms of these reactions are not well understood. Also, for Mars mission applications, it is
important to explore the possibility of using Martian regolith in such mixtures.

In the present work, combustion of two Martian regolith simulants (JSC-Mars-1A and Mojave Mars) with
magnesium was studied using thermodynamic calculations and combustion experiments. To understand
the reaction mechanisms in these mixtures as well as in the mixtures of JSC-1A lunar regolith simulant
with magnesium, thermoanalytical experiments were also conducted.

The combustion experiments have shown that the Martian regolith simulants form combustible mixtures
with magnesium. The measured temperatures and identified product compositions are in reasonable
agreement with thermodynamic predictions. The mixtures of JSC-Mars-1A with 20-30 wt% Mg exhibit
higher temperatures and burn more vigorously than mixtures based on Mojave Mars, which is explained
by the higher content of iron oxide in JSC-Mars-1A.

The thermoanalytical studies have confirmed that iron oxide plays a dominant role in the combustion of
JSC-Mars-1A simulant with magnesium. However, Mg/SiO2 mixture ignites at a temperature lower by
approximately 100°C than for Mg/Fe2O3. For Mojave Mars and JSC-1A (lunar) materials, which include
more silica and less iron oxide, silica exhibits a significant effect on the combustion, promoting reactions
at lower temperatures.

For more information on the present work, see Ref. [5.]
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ABSTRACT

Electrostatic discharge (ESD) applied to a titanium potassium perchlorate (TKP) loaded ignitor resulted in
decreasing electrical resistance measured across the bridgewire, degrading the nominally 1-Ω hot-wire
ignitor by as much as 33%. The resistance change was determined to result from two mechanisms arising
at the pin-bridgewire-pressed powder interface. The first mechanism was caused by an overlap of the
bridgewire on the pin surface (i.e. not welded at the pin edge).  The second mechanism arose from
changes to the titanium powder in the TKP material. Resistance drop was investigated by examining
differing TKP formulations and pressing densities as well as inert materials pressed on the bridgewire.
ESD resistance degradation occurred in spite of the ignitor having a spark gap designed to breakdown by
arcing from the pin-to-case preventing ESD from flowing through the bridgewire and powder. ESD
waveforms were applied with varying amplitude and number of pulses.  The magnitude of ignitor
resistance change was found to increase for increasing number of ESD insults, although the most
significant changes occurred during the first couple pulses.

1 Introduction

As part of the safety theme, pyrotechnic hot-wire devices are designed and tested to withstand
electrostatic discharge (ESD), particularly as applied by the human body. These devices (ignitors,
initiators, and actuators) include design features such as sparks gaps and electrical isolation to help
prevent inadvertent ignition by limiting unintended electrical stimulus to the pressed pyrotechnic powder.
Emphasis is also placed on the device’s ability to reliably operate throughout its design life.  Devices are
submitted to environmental conditions including ESD insults from simulated repeated (lifetime) handling
that may occur during assembly and disassembly. As part of production testing, it is not uncommon to
apply ESD pulses between the device’s pins (shorted together) and the metal case or pin-to-pin.  MIL-
STD-331C (2005) is a standard test method for conducting environmental tests on fuzes (e.g. ignitors),
and can include multiple ESD hits to the test article as part of the environmental test sequence.  These
tests should be non-degrading to deliver a viable ignitor for its intended use.

Hot-wire devices are commonly built such that the resistance measured between the pins across
the bridgewire (BW) is 1 Ω. Resistance measurements during product testing and acceptance provide
another means to identify faulty or damaged product by confirming resistance remains within tolerance.

Hingorani (1990) tested a titanium subhydride potassium perchlorate (THKP) loaded actuator
using 80 ESD pulses from the Fisher (1988) Severe Human Model.  Post-ESD examination indicated
improved thermal contact between the THKP and BW, hypothesized as a result from localized powder
melting, although this was not confirmed.  Increased thermal contact between BW and conductive powder
lowers a device’s resistance, leading to reduced power at constant current firing, and longer ignition

526



times. Another test series by Hingorani on a titanium potassium perchlorate (TKP) ignitor after ten ESD
pulses resulted in failure to meet all-fire (functional) and no-fire (safety) requirements.

White (1978) conducted resistivity measurements on THKP pressed pellets subjected to a 5 kV
ESD discharge for varying hydride concentrations, densities, and surface areas.  ESD resulted in dramatic
decreases in resistivity for lower density, highly hydrided pellets (pre-ESD resistivity, ~104 Ω-cm).
Changes in resistivity diminished with hydride content until no change in resistivity was measured
(resistivity approaching 1 Ω-cm). TKP resistivity is ~1-100 Ω-cm (Cooper, 2014) for densities of
interest. White (1978) theorized that changes in resistivity may arise from fractures in the oxide coating.

TKP is a pyrotechnic that has seen widespread use on ignitors for 80 years (Decker and Clauser,
1934). This work studies how TKP behaves in a standard ignitor design when subjected to repeated ESD
insults.  Mechanisms that cause and techniques to reduce ignitor degradation are investigated.

2 Experimental Setup

The ignitor header used during testing consisted of two Alloy 52 pins electrically isolated from
each other and the stainless steel 304L header shell by a Corning equivalent sealing glass with dielectric
constant (ɛ) of 5.6 and had a 0.013 in. air (spark) gap designed to breakdown between the pins and shell at
approximately 2200 V.  A Tophet A BW (ρ=650 Ω-circ-mil/ft) was resistance welded between the pins.
Two ignitor geometries were tested.  The first geometry (G1) consisted of 0.04 in. diameter pins spaced
0.084 in. center-to-center. A 0.002 in. (2-mil) BW was welded off the pins’ centerline to maintain a
resistance of 0.94-1.1 Ω (Figure 1).  The second geometry (G2) used 0.05 in. pins spaced 0.12 in. center-
to-center and a 1.9 mil BW welded on pin centerline resulting in a resistance of 1-1.1 Ω (Figure 1).
Ignitors were loaded with either TKP or an inert (e.g. mica, KClO4) powder by pressing the powder
directly on the pins and BW to the desired pressure.  Compacted powder density was calculated from the
measured charge cavity diameter and pressed powder height and mass. Two mix ratios of Ti metal and
potassium perchlorate (KClO4) powders were used during testing (TKP-I with 0.33/0.67 and TKP-II with
0.41/0.59 weight fractions). In addition to mix ratio, the Ti in TKP-I differed in morphology, particle size
distribution (50th percentile of 13 vs. 20 μm), and surface area (3.5 vs. 0.2-0.5 m2/g). The same KClO4

was used for TKP-I and II (14 μm).

Figure 1: Schematic of ignitor header and BW-pin geometries.
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Resistance was measured pin-to-pin across the BW using a calibrated Valhalla Scientific 4314
Ignitor Tester.  Resistance was measured during ignitor assembly following bridging and again after
powder pressing for the completed ignitor.  BW resistance dropped following TKP pressing from the
parallel circuit created through the metallic powder.  The resistance drop depended on the pin spacing and
TKP density, type, and mass, and ranged from 40-180 mΩ.  Resistance was again measured prior to ESD
testing and following each ESD pulse.

Two testers were used during the course of testing to provide an ESD waveform: PT3689 Fisher
ESD (hereafter referred to as the Fisher Tester) and the Electro-Tech Systems (ETS) Model 931 Firing
Test System. The Fisher (1988) Tester uses a circuit representative of the human body and hand to
produce a dual peak waveform arising from an extreme human ESD event.  The initial risetime of ~2 ns
(from the hand) is followed by a second peak from the body (at ~8 ns).  The waveform is defined at 5
time/amplitude locations (extending out to 300 ns), whose values were verified before and after each test
series with a ringdown using a calibrated current viewing resistor (CVR) and a 1-Ω bridged header
simulator. The Fisher Tester was used with the G1 headers. The ETS Tester produces an ESD waveform
consistent with MIL-STD-331C (2005), having a risetime of ~15 ns. The calibrated ETS Tester was used
with the G2 headers. Current waveforms were recorded before each test series with a CVR and a 1-Ω
simulator, as well as monitored during testing with a current viewing transformer (CVT). The CVR had
bandwidth extending in to the GHz range (sub-ns risetimes). An example rigndown for each tester is
shown in Figure 2. Table 1 compares the L-C-R parameters for the two testers. Discharge voltage was
varied between 1 and 25 kV. The ESD pulse was typically applied pin-to-case, with one electrode
attached to the two pins (shorted together) and the other electrode on the ignitor case.

Table 1 – ESD Testers Circuit Parameters

MIL-STD-
331C

Fisher Tester

Body Hand

Resistance (Ω) 500 250 110

Capacitance (pF) 500 400 10

Inductance (µH) <5 0.5 0.1

Figure 2: Ringdowns from Fisher (left) and ETS Tester (right).
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3 Results and Discussion

Fisher Tester with G1 Headers

Two groups of ignitors were built with TKP-II pressed at 15 ksi (2.433 g/cc):  a control group of
35 ignitors and an environmentally conditioned group (19 ignitors).  The conditioned ignitors underwent
thermal cycling between -55 and 85 ºC, followed by mechanical shock and vibration testing. The post-
conditioned ignitor resistance returned to near pre-TKP loading resistance (compared to the control
ignitors which were 18% lower, same as the pre-conditioned ignitors), indicating the TKP had relaxed
away from the BW.  Ignitors in each group received a single ESD pulse using the Fisher Tester. The
resistance change from ESD (Table 2) was significantly higher for the control group than the conditioned
group (with the exception of one conditioned ignitor that behaved similarly to the control group).  The
post-ESD resistance was not a temporary change, as evidenced by the same resistance measured again
after several weeks. It is believed that the TKP decoupled from the BW following shock (and vibration)
testing, increasing the electrical contact resistance between the BW and the powder either limiting the
ESD damage or prevented the measurement of the damage to the BW-powder interface that was
measured for the control group.  Although the spark gap is designed to protect the BW from ESD, it is
apparent that the pulse or electromagnetic field has altered the BW-powder interface.

Table 2 - Resistance Change Following a Single ESD Pulse for G1 Headers Loaded with TKP-II.
Percent Drop in Resistance Compared to Pre-ESD Resistance.

Test Group
#

Ignitors
Environmental

Conditioned

Resistance Drop (%)
Average Range

Control 35 No μ=22% 11-33%
Conditioned 19 Yes μ=4% 0-34%

Investigations into the mechanism causing the substantial drop in resistance isolated the effect to
the BW-pin-powder interface:

 The 1-Ω bridged header (no TKP) used repeatedly during ringdowns showed no change in
resistance after tens of ESD pulses, ruling out degradation to the header body (e.g. carbon build-
up in the spark gap).

 ESD-tested ignitors, whose TKP was subsequently removed, returned to their pre-TKP loaded
resistance, demonstrating no lasting effect to the header’s BW-pin interface.

The effect was further isolated to the TKP when additional G1 ignitors built without a BW were subjected
to repeated ESD pulses and their resistance changed from an open circuit to a resistance of 3-4 Ω as a
parallel path developed across the TKP. No visual change (i.e. burning) was apparent to the TKP when
viewed under microscopy or with Scanning Electron Microscope (SEM).

As part of the investigation, inert mica (ɛ=6.5) powder was pressed (at 5 and 15 ksi) onto the
header, resulting in resistance changes of almost 10% following five ESD pulses.  Resistance changes
were dependent on pressing density, with lower densities having less of an effect. Resistance also varied
with the Fisher Tester discharge voltage (Figure 3).  No effect was observed at 1 kV (for three pulses),
followed by a dramatic resistance drop on the first 15 kV pulse (stabilized by the third).  Another minor
resistance drop occurred at 25 kV with the total resistance change after 11 pulses (with increasing
voltage) approaching the same result for an ignitor pulsed 11 times at 25 kV.
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Figure 3: Resistance changes for different mica densities at 1, 5 and 25 kV ESD pulse amplitudes.
Normalized by pre-ESD Resistance.

Other inert powders (i.e. PTFE, polypropylene, Al2O3, KClO4, and Nb2O5) with a wide range of
dielectric constants (ɛ=2.2-42) showed similar trends in resistance change as a function of pressing
pressure (with the exception of PTFE which had no change in resistance); however, there was no
correlation between resistance change and dielectric strength.

Examination of the BW welds on the pins, showed them to be located interior from the pin edges,
leaving a length of BW overlapping the pin, see Figure 1(b).  Measuring the length (L) of the BW from
pin-edge to pin-edge, the calculated BW resistance (R):

(1)

showed agreement with the measured post-ESD resistance.  To further demonstrate the effect, two
headers were bridged with the welds at the pin edges and loaded with mica at 15 ksi.  The first was
bridged on the pin centerline (R=0.728 Ω) and the second with the BW off-center, which allowed for near
1-Ω resistance (R=1.079 Ω).  Neither showed a resistance change after six ESD pulses.  On BW welds
not on the pin-edge (i.e. the wire overlapping the pin surface), the ESD pulse interacts to effectively
shorten the BW length by reducing the pin-BW electrical contact resistance. When TKP-II was pressed
on the same headers (bridged on pin-edges), post-ESD resistance drops of 8 and 22% still occurred,
although slightly lower than previous results.

ETS Tester with G2 Headers

Groups of ignitors with differing TKP type on the BW and pressing pressure were built with the
G2 header and exposed to ESD using the ETS Tester.  From each group a minimum of two ignitors
received at least five ESD pulses at 25 kV (Table 3).  At least one ignitor in each group was exposed to
ESD with increasing discharge voltages (e.g. 1, 2, 3, 4, 5, 10, 15, 20 and 25 kV). Table 3 compares the
test parameters and results for the different groups. The ESD resistance drop is the change in resistance
(for a given number of ESD pulses) compared to the pre-ESD resistance. The test groups all used a 1.9
mil BW, bridged at pin-edges on centerline. Tests on headers pressed with mica and KClO4 confirmed
the previous results, showing no resistance change after five ESD pulses for BW welds on pin-edges.
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Table 3 – Groups of G2 Header Exposed to Repeated 25 kV ESD Pulses Pin-to-Case.

#
Ignitors
Tested

at 25 kV Test Group

TKP Type -
Mass
(mg)

Pressing
Pressure

(ksi)
Density
(g/cc)

ESD Resistance Drop (%)

1 pulse
5

pulses
9

pulses
5 Inert Mica - 150 10 1.459 0% 0% 0%
5 Inert KClO4 - 150 10 1.461 0% 0% 0%
2 TKP-I only TKP-I - 150 10 1.874 5.4% 8.7% 10.0%
5 TKP-II only TKP-II-150 10 2.281 13.4% 18.1% —
3

Vary Pressing
Density

TKP-I-40,
TKP-II-110*

20 2.242 16.0% 19.6% 23.7%
4 15 2.110 15.6% 19.8% 20.5%
2 10 1.963 11.1% 13.6% 15.8%
4 5 1.739 6.3% 10.3% 11.4%

180 Larger sample 10 1.895 9.1% 13.3% —
4 Raised BW 10 1.961 9.9% 13.6% 15.2%
5 Parylene 10 1.985 13.2% 15.7% 19.0%
4 Pin-to-pin 10 1.957 3.2% 3.5% 3.7%

1
Pin-to-pin
(then pin-

case)
10 — — — 17.1%†

*TKP-I was pressed on the BW. TKP-I and TKP-II was pressed to the same force (pressing pressure)
†Received 17 ESD pulses pin-to-pin prior to the 12 pulses applied pin-to-case

For ignitors with TKP, resistance decreased with the increasing number of ESD pulses, regardless
of test group.  On average over 80% of the resistance change occurred within the first two pulses as
shown in Figure 4 by the cumulative resistance change (divided by pre-ESD test resistance) as a function
of ESD pulses. Data in Figure 4 is an average of the cumulative resistance change for all TKP-I/II test
groups (including varying density, raised BW, and parylene coated).  Similar results occurred for the
other groups.

For one test group, ESD pulses were applied pin-to-pin, instead of pin-to-case as was done for all
other test groups. A much lower resistance change (3.7%) occurred following the seventeen pin-to-pin
ESD pulses.  After pin-to-pin ESD, nine ESD pulses were then applied pin-to-case with a dramatic
decrease in resistance (Figure 4).  The overall decrease in resistance following pin-to-case was of similar
magnitude (17.1% compared to 15.8%) to other test groups pressed at the same pressure (10 ksi).

For one group the BW was raised off the header glass by bridging over a 5-mil wire spacer, so
that TKP could pack more readily around the BW.  Another group had a 1.2 μm thick layer of parylene-C
vapor deposited on the BW, pins, and glass header prior to TKP loading.  The parylene provided a thin
space between the BW and TKP.  Resistance changes for the raised BW and parylene coated groups
showed agreement with the ignitors whose TKP was pressed at the same pressure (10 ksi), see Figure 5.

Variability was observed within most test groups, likely as a result of compacted powder
microstructure (e.g. titanium metal contact, voids, and powder bed around BW).  ESD testing was
performed on a much larger test group (180 ignitors) to compare results against the smaller test groups.
Results showed good agreement with other TKP-I/II ignitors pressed at 10 ksi (13.3% versus 13.6%).
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Figure 4: Average Cumulative resistance change as a function of the number of ESD pulses applied at
25 kV (left).  Cumulative resistance change for ESD applied pin-to-pin and pin-to-case (right).

The effect density had on resistance following ESD was examined for four test groups loaded
with TKP-I on the BW with a TKP-II pressed on top. Lower resistances occurred for TKP pressed at
higher densities. Figure 5 shows the resistance drop for a single ESD pulse as a function of TKPs’
theoretical maximum density (TMDI = 2.955, TMDII = 3.07 g/cc). A similar relation exists after five ESD
pulses. Ignitors loaded with only TKP-I was plotted for comparison in Figure 5. The lower resistance for
the TKP-I-only test group at the same density could arise from a couple differences. Because the TKP-I
powder was pressed as one increment, a density gradient may exist across the pressed powder, compared
to the thinner TKP-I layer pressed for the combined TKP-I/II ignitors, which may have had a more
uniform density. A more likely explanation is the ESD degrading effect is spread through the entire TKP
pressed powder and those ignitors with TKP-I/II see a larger decrease in resistance due to the higher
density TKP-II pressed atop the TKP-I. TKP-II presses to a higher density at the same pressure due to its
lower Ti surface area and higher Ti content. This may also explain why the pin-to-pin ESD cases had a
much lower resistance change, because the ESD only interacted with the TKP local to the BW. For
comparison, the TKP-II tested using the G1 header and the Fisher Tester is shown in Figure 5. Its
comparatively lower resistance may arise from the BW not being welded on the pin edges.

Ignitors from each test group were subjected to ESD pulses with increasing discharge voltages (1,
2, 3, 4, 5, 10, 15, 20, and 25 kV).  No change occurred at 1 kV, as was seen previously on G2 headers
loaded with only mica (Figure 3).  Resistance changes increased significantly between 2 and 5 kV with
some ignitors seeing 70% of the cumulative resistance change by 5 kV.  Resistance decreased
approximately linear between 5 and 25 kV (Figure 5).
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Figure 5: Resistance drop for a single ESD pulse for TKP-loaded ignitors in various test groups (left).
Example of cumulative resistance change for ESD pulses with increasing discharge voltage (right).

4 Conclusions

Significant changes in ignitor resistance occurred following application of ESD to ignitors that
included a spark gap built into the headers to protect against ESD and prevent inadvertent ignition.
Degradation in resistance was not a temporary effect, and occurred during testing using multiple ESD
testers with differing circuitry and resultant waveforms.

Two major mechanisms were identified to cause the resistance change.  First was the interaction
with the BW overlapping the pins.  Welding the BW on the pin-edges eliminated changes in resistance
from ESD when loaded with inert powder. The second mechanism was due to a change in the powder.
Through different test cases, the resistance drop was determined to come from changes in the powder and
not due to changes in the header (e.g. spark gap, BW, or pins).

Stimulus to the ignitor prior to ESD such as thermal, mechanical shock, or vibration relaxed the
TKP from the BW and reduced the ESD resistance change. A stimulus can also reset a previously induced
ESD resistance change to the original bare BW resistance.

Pin-to-case ESD showed considerably more changes than pin-to-pin. Although no changes in
resistance occurred at 1 kV, resistance decreased significantly between 2 and 5 kV and continued through
25 kV (the highest discharge voltage tested).  Increasing TKP density resulted in higher resistance
decreases.  The change in resistance was not just a surface effect, but extended into the TKP pressed
powder pellet.
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ABSTRACT 

In this work pyrotechnic formulations were developed based on Al/Fe2O3 with various diluents. The effect 

on combustion stability, microstructure, and hardness with different percentages of silica, soda-lime glass, 

wollastonite, and albite as diluents were studied. It was observed that propagation front is unstable for 

dilution extent > 40 wt.%, and combustion failure occurs across all diluent types at 50 wt.%, except for 

silica. The microstructure of self-propagating high-temperature synthesis products varied with the type of 

additive in the starting mixture and combustion peak temperature. It is shown that mullite, quartz, and iron 

are formed regardless of the initial silica content, while corundum and iron are always formed for albite 

and soda-lime glass diluted systems. However, when wollastonite is considered as additive in the starting 

mixture, iron is always detected, while gehlenite, hibonite, and corundum are found only at certain dilution 

levels. Activation energies of each diluted Al/Fe2O3 system were determined using the Boddington 

approach.  

1 Introduction 
Current interest in deep borehole CO2 sequestration and nuclear waste disposal challenges the traditional 

plug and abandonment technology due to high hydrostatic and lithostatic pressures, high mineral content 

water, and geothermal gradient. In this work, we explore the development of pyrotechnic formulations to 

serve as a potential well sealing technology using self-propagating high temperature synthesis. SHS is a 

technique used for the synthesis of advanced materials, such as intermetallic compounds, ceramics and 

ceramic composites, and was initially developed by Merzhanov and co-workers [1-4]. The attractive 

advantages of SHS method include low energy and processing cost, high purity products, time efficiency, 

process simplicity, possibility for production of metastable phases, etc. [5]. The fundamental aspects of the 

process are described by Munir and Anselmi-Tamburini [6], among others.  

A thermite reaction between a metal and a metal oxide is one of the broadest categories of SHS. It is used 

to synthesize ceramic and metal composites, ceramic linings in steel pipes, and various pyrotechnic 

applications [7]. The incorporation of varying diluents in the starting thermite mixture not only reduces the 

violent combustion of thermite reactions, but also opens a possibility to improve product properties, inhibit 

grain growth, and affect microstructure of products [8-9.]. The present study describes the combustion 

characteristics, microstructure, and micro-hardness of the self-propagating thermite reaction products 

between aluminum and hematite by varying the additive (silica, soda-lime glass, natural wollastonite and 

albite) content in the initial mixture from 20 wt% to 50 wt%. The kinetic analysis of each diluted system is 

performed by using the Boddington approach. 

2 Experimental  

2.1 Sample Preparation  
Iron oxide and aluminum in stoichiometric ratio according to the reaction  

𝐹𝑒2𝑂3 + 2𝐴𝑙 ⟶ 2𝐹𝑒 + 𝐴𝑙2𝑂3 
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diluted with silica, soda-lime glass, albite, and wollastonite to 20, 30, 40, 44, and 50 wt.% in the starting 

mixture were used in powder form (Table 1) as received. The thermite mixtures were tumble mixed for 5 

hours, dried at 100°C for 3 hours in a convection oven (Precision, Thermoscientific), and stored in a 

desiccator (Fisherbrand). The obtained mixtures were then pressed into 12.7 mm cylindrical pellets with an 

aspect ratio of 1.3 in a uniaxial single acting hydraulic press (Carver, USA) to 58 ± 1%TMD.  
 

Table 1. Characteristics of powders 

Powder Vendor Purity (%) Size 

Iron oxide  Remuriate Technologies > 99 0.61 μm 

Aluminum Alpha Chemicals > 99.5 5 μm 

Silica US Silica > 99 75 μm 

Soda-lime glass Vitro Minerals ≥ 98.8 325 mesh 

Albite The Quartz Corp --- 250 mesh 

Wollastonite Seaforth Mineral --- 200 mesh 

 

2.2 Combustion Experiments 
Each pellet was placed in a ceramic foam holder (SALI, ZirCarCeramics) lined with a graphite felt and the 

reaction was initiated from the top using 30 gauge Ni-Cr wire connected to the power supply depicted in 

Fig. 1 and 0.3 g of A1A, which is composed of 65 wt% Zr, 25 wt% Fe2O3, and 10 wt% diatomaceous earth. 

The propagation front was recorded using a high speed camera (FastCam, Photron). The reproducibility of 

the experimental runs was verified by repeating each of them at least three times. The microstructure of the 

obtained post-combustion products were investigated using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and energy dispersive spectroscopy (EDS). In addition the bulk micro-hardness was 

measured via sampling 5 locations per sample using a micro-hardness tester (Micromet 4, Buehler).  

 
Figure 1. Experimental setup for studying combustion characteristics. 

The temperature profiles associated with the passage of the combustion wave were measured by loosely 

(~40%TMD) packing the starting mixture in a boat-type configuration and placing a 0.005” type-C 

microthermocouple (Omega Enginering) in the middle of the boat (Fig. 2). Microthermocouple was 

connected to a data acquisition system (Personal 3000 DAQ, IOtech) with a sampling rate of 200Hz.  
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Figure 2. Experimental setup for measuring temperature profile 

3 Results and Discussion  

3.1 Combustion Results  
Soda-lime glass and wollastonite diluted formulations exhibited similar combustion characteristics: 

formation of distinct melt, liberation of gas bubbles, loss of initial cylindrical shape, and post-combustion 

product resembling obsidian. Pools of iron formed at the bottom of the pellets at low diluent content (20-

30 wt.%) forall diluents.  At higher dilutions, large iron globules are still visible in wollastonite and glass 

diluted systems (see Fig. 3.)  

 

Figure 3. Post-combustion products for 44 wt.% diluted thermite formulations 

The diluent type affects the combustion velocity only at low (20-30 wt.%) diluent content in the starting 

mixture as revealed by the measured combustion velocities shown in Fig 4. The propagation front is 

unstable (oscillating) for dilution extent > 40 wt.% and combustion extinction consistently occurred across 

all diluent types at 50 wt.%, except for silica. 

 
Figure 4. Combustion velocities as a function of diluent content in the starting mixture. 

3.2 Microstructure and Product Phase  
XRD revealed that the product of self-propagating Al/Fe2O3 thermite reaction varies with diluent type, and 

content in the starting mixture, in the case of wollastonite as an additive. It should be noted that iron peaks 

increase as the amount of additive in the starting mixture increases due to the fact that iron pools down to 
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the bottom of the sample and should be eliminated to be analyzed by XRD. Although the change in diluent 

content affects the reaction conditions as revealed by the decreasing combustion temperatures reported in 

Fig. 5, the detected crystalline phases depend only on diluent type, except for the case of wollastonite (see 

Figs. 6-9).   

 
Figure 5. Maximum combustion temperatures 

It is observed that mullite, quartz, and iron are formed regardless of the initial silica content, while 

corundum and iron are always formed for albite and soda-lime glass diluted systems. The presence of 

zirconium oxide in glass diluted thermite systems is an impurity due to a zirconium rich initiator (A1A). 

However, when wollastonite is considered as an additive in the starting mixture, iron is always detected, 

while gehlenite, hibonite, and corundum are found only at certain dilution levels.  

 

Figure 6.  XRD pattern for silica diluted thermite system: [a] 

20wt.%, [b] 30wt.%, [c] 40wt.%, [d] 44wt.%, [e] 50wt.%. 

Figure 7. XRD pattern for soda-lime glass diluted thermite 

system: [a] 20wt.%, [b] 30wt.%, [c] 40wt.%, [d] 44wt.%, 

[e] 50wt.%.  

Figure 6. XRD patterns for silica diluted thermite system: [a] 

20wt.%, [b] 30wt.%, [c] 40wt.%, [d] 44wt.%, [e] 50wt.%. 
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3.3 Activation Energy 
The Boddington approach, which is primarily used for combustion systems, uses measured temperature 

profile data to determine the activation energy without the need for physical or thermodynamic properties. 

Temperature profiles of self-propagating combustion waves were used to obtain activation energies for the 

combustion synthesis of Fe2O3/Al + diluent thermite systems, where diluents are silica, soda-lime glass, 

albite, and wollastonite (see Table 2). However, the activation energy for wollastonite diluted system could 

not be determined due to adherence of combustion products to the micro thermocouples resulting in 

temperature measurement failure.  

Table 2. Activation energies 

Diluent type  Ea (kJ/mol) 

Silica 301 

Soda-lime glass 55 

Albite 112 

Wollastonite --- 

 

4 Conclusions  
Effect on combustion stability, microstructure, and hardness of the stoichiometric Al/Fe2O3 thermite system 

with varying diluents (silica, soda-lime glass, wollastonite, and albite) in the starting mixture during the 

SHS reaction has been studied. It was observed that propagation front is unstable for dilution extent > 40 

wt.%, and combustion failure occurs across all diluent types at 50 wt.%, except for silica. The products 

obtained from the self-propagating thermite reaction systems were characterized in terms of composition. 

It is shown that mullite, quartz, and iron are formed regardless the initial silica content, while corundum 

and iron are always formed for albite and soda-lime glass diluted systems. However, when wollastonite is 

considered as additive in the starting mixture, iron is always detected, while gehlenite, hibonite, and 

corundum are found only at certain dilution levels. The activation energies of each diluted Al/Fe2O3 system 

were determined using the Boddington method. In order to determine the suitability of these formulations 

for sealing deep borehole wells more work needs to be done, such as determination of adherence to the well 

walls, porosity, and corrosion and temperature resistance. 

 

Figure 8. XRD pattern for albite  diluted thermite system: [a] 

20wt.%, [b] 30wt.%, [c] 40wt.%, [d] 44wt.%, [e] 50wt.%. 
Figure 9.  XRD pattern for wollastonite diluted thermite 

system: [a] 20wt.%, [b] 30wt.%, [c] 40wt.%, [d] 44wt.%,  

[e] 50wt.%. 
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Power Density and Operating Conditions for use of the ResonantAcoustic

Mixer

P.A. Lucon, G.M. Sperry, Resodyn Corporation, Butte, Montana USA

ABSTRACT

Mixing materials with ResonantAcoustic® Mixing (RAM) technology is being adopted for a
broad range of mixing applications in the energetics industry.  These applications include mixing
pyrotechnics, as well as for the manufacture of various propellants and explosives.  The RAM technology
has demonstrated utility for both the development of new, advanced energetics and the capability to
improve the manufacturing of existing energetic materials.

Attributes of the RAM technology for use in processing materials includes substantially reduced
mixing times, improved product quality, greater safety, reduced material waste and enhanced product
reproducibility.  Added advantages of the RAM platform are its universal application for both solid-liquid
(paste) and solid-solid (dry processing), as well as demonstrated capabilities to seamlessly scale from the
bench to production levels.

The RAM technology is becoming the processing technology of choice in the energetics industry.
However, because it enables mixing using a different set of fundamental principles than those provided by
conventional mixers, new understandings of mixing phenomena related to the use of a low-frequency
acoustic field must be established for the most beneficial utilization of the RAM technology within the
energetics community.

This work touches on some of the salient operating parameters that must be understood to broadly
and effectively integrate the RAM technology into the energetics community. In particular, the amount of
energy utilized to efficiently process materials is controlled by adjusting the RAM platform operating
parameters and incorporating the mixing vessel parameters that impact mixing. The RAM platform
operating parameters include acceleration, absolute pressure in the process vessel, and mixture
temperature. The vessel parameters addressed include fill fraction, vessel aspect ratio, and vessel
diameter. Relations on how the RAM platform and vessel parameters can be tuned to adjust the power
input for effectively processing solid-liquid (paste) and solid-solid (dry processing) are provided.

Examples of successful applications of the RAM technology are also provided.
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Capture of a Particle Cloud Dispersed by an Explosive Charge

F. Ballanger1,2, D. Counilh1, N. Rambert1, J.-F. Haas1, A. Chinnayya2

1CEA, DAM, Ile-de-France, Arpajon, France
2Institut PPrime, UPR CNRS 3346, ISAE-ENSMA, Futuroscope-Chasseneuil, France

Extended abstract

Aqueous foams have been studied over the past decades as a way to mitigate explosions. Indeed, this
biphasic medium has the ability to attenuate the blast wave produced by a detonation and to capture or
slow down the particles projected by a detonation. The blast wave attenuation is due to the presence of
both gaseous and liquid phases in the same medium. Results have been presented during the 41st IPS. The
subject of this paper is to understand how a particle cloud dispersed by a detonation can be captured using
an aqueous foam confinement.

To assess and quantify the ability of the foam to slow down or capture particles emitted by an
explosion, we can use two approaches. The first one consists in observing and understanding the behavior
of a high speed particle cloud inside the aqueous foam. The difficulties inherent to this approach lie in the
mastery of the cloud propagation speed and the observation inside the foam, which is an opaque medium.
The second approach is the quantification of the capture ratio achieved with a given quantity of foam. In
that case, we measure the quantity of particles ejected out of an aqueous foam confinement. The
technique is particularly appropriate for the quantification of the foam effects, but it does not give any
insight into the relative dynamics between the particles and the foam.

Two experimental campaigns, conducted in 2015, explored these two approaches. The first
experiments were done in order to understand the behavior of a particle cloud in the foam. A 10 g
explosive charge was used in order to propel 15 g of 50 µm tungsten powder in an 800 mm long
container. The resulting particle cloud evolves freely within the container, at several hundred meters per
second. Three radiographs, perpendicular to the propagation axis, were used to capture the kinematics of
the cloud at three distinct times. The observation of both position and shape of the cloud, in air and in
foam, highlights the differences between the two media. The biphasic medium clearly reduces the cloud
velocity and limits its spatial dispersion. Therefore, in foam, the particles slow down quickly and are
confined within a reduced space. However, this campaign has not allowed for an exact quantification of
the foam influence.

The second experimental campaign dealt with the release of the particle cloud from outside the
aqueous foam confinement. The objective was to quantify the capture ratio that can be reached using
foam. With this goal, 44 g explosive charges were used to disperse 200 g of 2 µm tungsten particles. Two
densities and three sizes of confinement were used to quantify the capture ability of aqueous foams. To
compare the different configurations, the particles suspended in air were sampled for two hours after their
dispersion. This technique allowed us to sample between 500 mg and 14 g of particles depending on the
configuration. These experiments show that, even with a small confinement, a high quantity of particles is
captured by the foam. We also observe a logical increase in the captured quantity relative to the
confinement size. The foam density, however, seems to play a secondary role in the capture.

These two experimental campaigns are the first opportunity to observe and quantify the foam
efficiency in capturing particles. We have shown that the foam has a strong influence on the dynamics of
a particle cloud and that it captures the major part of it, even with small quantities of foam. However, we
need to carry on with this work in order to obtain a precise quantification of the phenomenon.
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Compatibility of Tetranitroacetimidic Acid with the Materials Used

in Solid Propellant

Xiangyang Lin, Ying LI, Shan Shao, Wenfang Zheng, Renming Pan

( School of Chemical Engineering, NUST, Nanjing 210094 , China)

Ammonium perchlorate (AP) has long been the primary choice as an oxidizer in propellants.

However, the perchlorate anion of AP has negative health effects. Scientific research indicates that

perchlorate contaminated soil and water can cause thyroid cancer[1]. Furthermore, hydrogen chloride

produced during burning of AP enhances acid rain and depletion of the ozone layer[2]. Therefore,

considerable effort has been made to replace AP in propellant formulations[3], and one of the best way

is using halogen-free oxidizers.

Tetranitroacetimidic acid (TNAA) is a novel halogen-free oxidizer shows promising comprehensive

properties. Such as good oxygen balance (+30.1%), relatively low impact sensitivity (19 J) and friction

sensitivity (20 N). Furthermore, it is a very attractive and promising stable oxidizer (Tm = 91 °C and

Td(onset) = 137 °C) with a majority of its properties (calculated via Explo5 v6.01) superior to those of

AP.4 Considering these factors, we speculate that the application of TNAA in propellant will reduce the

environmental problems caused by the use of AP and keep the high energetic performance of the

propellant system. The structure of NTNC is shown in Fig. 1.

Fig. 1 Structure of TNAA

There is still much work should be done before TNAA obtains practical application. And the

compatibility of TNAA with other materials used in propellants is one of the most important aspects.

To the best of our knowledge, the compatibility of TNAA has not been reported yet. Differential

scanning calorimeter (DSC) technology has been widely used in the compatibility test for energetic

material. Therefore we studied the compatibility of TNAA with some energetic and inert materials by

DSC methods. The compatibility of NTNC with some common materials in explosives and propellants

was studied. The results of the single and mixture systems measured at the heating rate of 10 K min-1

are shown in Table 1 and the evaluating standards of compatibility for explosives with contacted

materials are listed in Table 2.5

Table 1 Data of binary systems obtained by DSC

System Peak temperature
Rating

Mixture system[a] Single system[b] Tp1/oC[c] Tp2/oC[d] △Tp/oC[e]

TNAA/DNAN(3) TNAA 147.8 118.3 29.5 D

TNAA/TNT (5) TNAA 147.8 128.9 18.9 D

TNAA/RDX (7) TNAA 147.8 147.6 0.2 A

TNAA/HMX (9) TNAA 147.8 147.5 0.3 A

TNAA/CL-20 (11) TNAA 147.8 147.7 0.1 A

TNAA/Centralite[f] (13) TNAA 147.8 - - D

TNAA/NC (15) TNAA 147.8 127.3 20.5 D
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TNAA/NQ (17) TNAA 147.8 133.5 14.3 C

TNAA/NC+NG (19) TNAA 147.8 128.5 19.3 D

TNAA/AP (21) TNAA 147.8 144.5 3.3 B

TNAA/FOX-7 (23) TNAA 147.8 135.8 12 C

TNAA/Boron (25) TNAA 147.8 146.4 1.4 A

TNAA/Al (27) TNAA 147.8 147.1 0.6 A

TNAA/HTPB (29) TNAA 147.8 95.3 52.5 D

[a] Mixture system, 50/50-TNAA/energetic component binary system; [b] Single system, the

component with its exothermic peak temperature smaller than another one in a two-component system;

[c] TP1, the maximum exothermic peak temperature of single system; [d] TP2, the maximum exothermic

peak temperature of mixture system; [e]△TP=TP1-TP2; [f] reaction happened during grinding.

Table 2 Evaluating standards of the compatibility for explosives and contacted materials

Criteria

ΔTp/oC
Rating Note

≤2
A Compatible or good

compatibility
Safe for use in any explosive design

3-5
B Slightly sensitized or fair

compatibility

Safe for use in testing, when the device will be used

in a very short period of time; not to be used as a

binder material, or when long-term storage is

desired

6-15
C Sensitized or poor

compatibility
Not recommended for use with explosive items

>15
D Hazardous or bad

compatibility
Hazardous. Do not use under any conditions

The DSC curve of pure TNAA shows an endothermic peak at 91.6oC, which corresponds to the

melting of TNAA, and the decomposition temperature was 147.8oC (peak temperature) which was

higher than reported. The decomposition temperature of TNAA was chosen for calculating the

differences between single system and binary systems when the thermal stability of TNAA is lower

than another component in the binary system.

The compatibility of TNAA with nitrocellulose (NC), NC/NG (nitroglycerine) mixture (mass rate:

1.25:1), nitroguanidine (NQ), 2,4-dinitroanisole (DNAN), 2,4,6-trinitrotoluene (TNT),

cyclotrimethylenetrinitramine (RDX), ammonium perchlorate (AP), cyclotetramethylenetetranitramine

(HMX), hexanitrohexazaisowurtzitane (CL-20), hydroxyl-terminated polybutadiene (HTPB),

aluminum powder (Al), boron powder, 1,1-diamino-2,2-dinitroethene (FOX-7) and centralite was

studied. The results show that the systems of TNAA/RDX, TNAA/HMX, TNAA/CL-20, TNAA/Boron

and TNAA/Al possess good compatibility, TNAA and AP have moderate compatibility, and the

compatibility of TNAA with NQ and FOX-7 is poor, while TNAA/DNAN, TNAA/NC+NG,

TNAA/TNT, TNAA/NC, TNAA/ centralite and TNAA/HTPB have bad compatibility.
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Fig. 2 DSC curve of TNAA at a scan rate of 10 ºK min-1

Keywords: energetic material, Tetranitroacetimidic acid, compatibility
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In-situ Preparation of Porous Nickel Azide and Its Performance Tests 
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Nanjing China, 210094 
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Abstract  This paper proposed an in-situ synthesis method of nickel azide generated 

on the surface of porous nickel through a designed safe and reliable independent 

gas-solid reaction apparatus by improved process. The prepared porous nickel azide 

was characterized by Element Analysis (EA), Infrared (IR), X-ray Diffraction (XRD), 

X-Ray Photoelectron Spectrometer (XPS) and thermal analysis (TA). 

Three-dimensional optical microscope showed that the nickel azide attached on the 

skeleton of porous nickel evenly with the average thickness of 161.23 μm. The 

detonation properties of porous nickel azide were tested, such as the detonation 

velocity, friction sensitivity, impact sensitivity, electrostatic sensitivity and flame 

sensitivity. Results showed that the detonation velocity of porous nickel azide was 

about 1600 m∙s-1, the minimum initiating charge is 1.98 mg and the critical initiating 

diameter is less than 2.0 mm. Porous nickel azide had a better sensitivity performance 

than traditional primary explosives (LTNR, LA, etc.) and powder nickel azide. The 

applications of porous nickel azide in traditional micro-detonator and 

Electro-explosive device (EED) as the primary explosive were explored and proved to 

successful firing. The results in this paper showed that the in-situ prepared porous 

nickel azide on the basis of porous nickel can meet the requirements of module 

loading with high initiating ability and high explosive power in future MEMS 

initiating explosive device. 

 

Keywords  Porous nickel, nickel azide, in-situ preparation, performance, sensitivity 
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