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Foreword

The energy produced by explosives has long been devoted to support industrial

bases of mining and civil engineering, and greatly contributed to perform the attain-

ment of space development. Since the energy-release process generates heat, vibra-

tion, noise, shock wave, and gaseous chemicals, the usages of explosives are highly

restricted and bounded by environmental and safty laws. However, the energy densi-

ty of explosives is higher than any other materials except that of nuclear explosion.

The modern molecular design technology has been made possible to further extend

high energy density materials (HEDM} by using high speed and high memory com-

puters.

In general, as the energy density of explosives is increased, the sensitivities such

as friction and impact are increased simultaneously, and the predicted performance

appears to be different from the measured performance. This is caused by the com-

plex nature of explosives: chemical process which includes thermal decomposition

and gasification and physical process which includes thermal and aerodynamic

phenomena. Accordingly, for the research and development of HEDM and their ap-

plications to pyrotechnics it is required to cooperate with chemists, physicists,

aerodynamists, and other related scientists and engineers. Furthermore, the energy

management of explosives needs electronic devices to control energy release for the

practical applications.

The papers presented to the Twenty-third International Pyrotechnic Seminar

would play a significant role in stimulating scientists and engineers, and would

effect to raise the pyrotechnics technology toward the 21st century.

Co-chairmen

T. Yoshida and N. Kubota
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TUESDAY MORNING
SEPT. 30, 1997

10 : 00 OPENING OF THE TWENTY-THIRD INTERNATIONAL PYROTECHNICS SEMINAR

T. Yoshida and N. Kubota, Seminar Co-Chairmen

SESSION I : Chair W. Waesche and H. Machida

10 : 20 Studies on the Mechanism of Synthesizing Keto-RDX in Direct Preparation Method

C 987 ) Yuejun Zhang

1 0 : 40 A New Binder Ingredient for Pyrotechnics and Explosives
( 279 ) Robert W. Hunter and Bernard M. Kosowski

11 : 00 Some Properties of Triazoles and Their Compositions - as Candidates for New Gas Generating

( 53 ) Agent of the Air Bag System-

Mitsuru Aral, Takazumi Tsukahara, Yuki Ueda, Koya Ichikawa and Masamitsu Tamura

I 1 : 20 Reaction Products of Conventional and Nitramine Containing Propellants

( 939 ) F. Volk and H. Bathelt

I1 : 40 Experimental Investigation on Thermal Explosion of Energetic Materials

( 1 56 ) Changgen Feng, Guangbin He, Liqiong Wang, Jianguo Gong and Shijin Cu

1 2 : 00 Sheet Metal Forming of Superplastic Alloys by Gas Generants

( 637 ) Hiroaki Ohsawa

12:20 Lunch

TUESDAY AFTERNOON
SEPT. 30, 1997

SESSION II : Chair A. J. Tulis and K. Hasue

13 : 20 Initiation Pressure of Detonators from Shock Waves
( 654 ) Jinhua Peng, Weihua Zhu, Wanghua Chen, Ronghai Liu and Chunyun Zhang

1 3 : 40 Synthesis and Properties of High Energy Density Material (HNIW)
( 88 ) Hakobu Bazaki, Shuuichi Kawabe, Hiroshi Miya and Tamotsu Kodama
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14 : 00 Spontaneous Ignition Behaviour of Pyrotechnic Compositions

f 538 ) Atsumi Miyake, Tadahiro Aochi, Teruslrige Ogawa, Mitsuaki lida, Takehiro Matsunaga,

and Shuji Hatanaka

14 : 20 Behavior of AI/AI203 Particles in Solid Rocket Mortor

( 261 ) Keiichi Hori, Masahiro Kohno, Masataka Shimoda, Toshio Yamaya, Katuva Hasegawa and Yuichi Kanno

14 : 40 Experimental Study on Characteristics of B-KN03 Initiated by Shock Impact

( 947 ) Liqiong Wang, Changgen Feng and Changsheng Han

1 5 : 00 Coffee Break

1 5 : 30 Fading out the Pressure Peak from Underwater Explosion by Air Bubbles Screen

( 671 ) S. Petralia, G. Cerretti, G. Brandimarte, A. Bacci and V. Laudazi

15 : 50 Underwater Explosion Characteristics of Aluminum/Potassium Chlorate Fireworks Mixtures

( 608 } Yoshio Nakayama, Tomoharu Matsumura, Takehiro Matsunaga, Mitsuaki lida and Masatake Yoshida

16:10 On Some Problems of the Detonation of Non-Ideal Explosives Containing Powdered Aluminum

( 509 ) Andrzej Maranda, Waldemar Andrzej Trzcinski, Stanislaw Cudzilo and Jerzy Nowaczewski

1 6 : 30 Sub-Scale Ingredient Screening to Predict Burn Rate and Performance of an Insensitive

{ 847 ) Aluminized General Purpose Explosive

Theodore S. Sum rail

1 6 : 50 Thermoanalytical Characterization of B/CaCr04 Ignition Composition Doped with Viton

( 325 ) Lev Kalontarov and Joshua Borkowski

1 8 : 00 Reception

WEDNESDAY MORNING
OCT. 1, 1997

SESSION III : Chair A. Fauconnier and J. Kimura

9 : 00 Parametric Evaluation of a Hypergolic Chemical System for In-Situ Neutralization of Landmines

( 64 ) James L. Austing, Allen J. Tulis, David E. Brzycki, Divyakant L. Patel, Beverly D. Briggs

and David C. Heberlein

9 : 20 Liquid Nitrogen and Water Jet Milling of Energetic Material Production Wastes
( 762 } Roger L. Schneider and Bernard A. Donahue

9 : 40 Relationships between Results of High-Temperature Stability Tests and Chemical Composition of

( 684) Spherical Propellant

Jan Petrzilek
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10:00 Coffee Break

10 : 30 New Chemical Stability Test of Nitrocellulose and Gun Propellants with NOx Chemical Sensor

( 240 ) Using Copper-Phthalocyanine Film

Hideyuki Hayashi, Jun-ichi Kimura and Junko Morita

T O : 50 Ageing of MTV Pellets; Geometry Change, Influence of Temperature and Humidity

( 435 ) Jeannette Leenders and Chris van Driel

1 1 : 1 0 The Thermal Behavior of the Carbohydrazide Complexes of Certain Metals

( 7 ) Miyako Akiyoshi, Norimasa Hirata, Hidetsugu Nakamura and Yasutaka Hara

1 1 : 30 Derivation of an Activation Energy from the Temperature/Time Record of Thermal Ignition

( 465 ) Xiongmin Liu and Kazutoshi Hasegawa

1 1 : 50 Computer-Aided Design of Decomposition Reactions for Energetic Substances (Nitroesters)

( 698 ) Tatyana S. Pivina, Dmitry E. Lushnikov, Aleksei A. Porollo and Victor P. Ivshin

12 :10 Lunch

WEDNESDAY AFTERNOON
OCT. 1, 1997

POSTER SESSION (1) : Chair T. Yoshida and E. Kuroda

P 1 -1 Mannich Condensation Reactivity of DPT Nitrolysis Fragments

( 999 ) Yuejun Zhang, Weilian Zhou and Jinquan Wen

P 1 -2 Modified Process of Consolidated Propellants

( 631 } Masaru Oda, Chouji Serizawa and Kohji Kubota

P 1 -3 A Preliminary Study on Recrystallization of NTO

( 357 ) Kee-Kahb Koo, Ho-Yeon Lee. Kwang-Joo Kim, Gio-Bin Lim, Sang-Yun Lee, Won-Bok Jeong,

Sun-Hwan Kim, Hyoun-Soo Kim and Bang-Sam Park

P 1 -4 Non-Azide Propellant for Airbag Inflators

( 659 ) C. Perotto, D. Duvacquier and B. Marsaud

P 1 -5 Compatibility of Red Phosphorus Mixture with ABS Plastic Coating

( 3 1 1 ) Wu-Da Jiao and Yao-Kun Zhang

P 1 -6 The Characterization of Acrylate/Styrene Binders for Pressable Explosives
( 1 1 7 ) Young Gu Cheun, Keun Derk Lee, Hyoun Soo Kim and Dong il Kang
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P 1 -7 Properties of 2-Oxy-4, 6-Dinitramine-s-triazine(DNAM)

( 229 ) Hideo Hatano, Takayuki Hasegawa and Tadao Yoshida

P 1 -8 Study on the Ignition Sensitivity by Electrostatic Discharges for Powdered Materials on the Basis

( 4 1 0 ) of Analysis of Discharge Sound
Eishi Kuroda and Toshiyuki Nagaishi

P 1 -9 Ignition Sensitivities by Electrostatic Discharges for Powdered Mg/Oxidant Mixtures

( 571 ) Toshiyuki Nagaishi and Eishi Kuroda

P 1 — 1 0 Measurement of Underwater Shock Wave by Fluoropolymer Sensor

( 548 ) Kenji Murata, Katsuhiko Takahashi and Yukio Kato

P 1 -1 1 Large Scale Thermal Sensitivity Results of a Melt Castable General Purpose Insensitive High

( 8 2 2 ) Explosive
Theodore S. Sumrall

P 1 -1 2 Development of Inflator Simulation Program and Some Applications

( 421 ) Akihiko Kuroiwa, Eiichiro Yoshikawa and Shigetaka Kitao

P 1 -1 3 Thermal Hazard Evaluation of Asphalt-Salt Mixtures

( 1 9 3 ) Takayuki Hasegawa, Jianlin Chen, Hiroki Uchida, Akihiko Kimura, Toshihisa Kataoka

and Tadao Yoshida

P 1 -14 Acoustic Detection of Fast Chemical Reaction

( 775 ) Ruiqi Shen, Yinghua Ye, Yuan Wang and Shuyi Zhang

P 1 -1 5 A Study on Reactions of Pyrotechnic Raw Materials and Compositions with Water

( 37 ) Kenji Aoki, Weixin Gu, Fang Li, Mamoru Itoh, Mitsuru Arai and Masamitsu Tamura

P 1 -1 6 A Study on Thermal Decomposition of Energetic Materials by MO and Chemical Kinetic

( 18) Calculations
Yoshiaki Akutsu and Masamitsu Tamura

P 1 -1 7 A Specific Method for Detection and Quantitation of Nitrate Esters in Environmental Samples
( 1 05 ) Jan Bladek, Andrzej Rostkowski and Maciej Miszczak

P 1 -1 8 A New Group of Energetic Materials-Azidonitrates
( 1 87 J Shaojun Guo, Songqin Su, Guoshu He, Lijie Zhang and Fang Wang

14 : 50 Coffee Break
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SESSION IV : Chair F. Volk and M. Aral

1 5 ' 20 The Detonation Risk Evaluation of Some Hydrocarbon Fuel - air Mixtures —The Studies on the
( 479 ) Critical Initiation Energy

Ronghai Liu, Lizhong Yang, Wanghua Chen, Chunyun Zhang and Zhengcai Zhang

15 : 40 Explosion Accident of Rectification Tower Caused by an Organic-Peroxide

{ 594 ) Masayoshi Nakamura, Tetsuo Tano, Kazutoshi Hasegawa and Tadao Yoshida

16 : 00 Explosion Hazards in Explosive and Chemical Industries

( 925 ) Ming Jun Tang, Quentin Baker and Guo-Shun Zhang

16 : 20 Computer Simulation as a Tool for Development of a Tracer Unit for Medium Calibre Arrow

( 1 6 8 ) Ammunition (Apfsds-T)

Eva K. Friis, Card Odegardstuen, Jan G. Hasslid and John F. Moxnes

1 6 : 40 A Modular Approach to the Development of an Improved Handgun System

( 755 ) Jacob Savitt

THURSDAY MORNING
OCT. 2, 1997

SESSION V : Chair Y. Frolov and T. Kuwahara

9 : 00 Modeling for Nitroguanidine Gun Propellant Burning Characteristics

( 972 ) Dong Yang, Baochang Zhao, Hongchang Song, Xinrui Li and Li Li

9 : 20 Influence of Black Powder Characteristics on Ignition of Granular Propellant Charge

( 299 ) Slobodan Jaramaz, Dejan Mickovic, Momcilo Milinovic and Predrag Askovic

9 : 40 An Application of Nozzleless Rocket Motor to Oscillatory Combustion Analyzer

(912) Masafumi Tanaka and Kazunori Nakaji

1 0 : 00 Coffee Break

10 : 30 Burning Rate Characteristics of GAP Propellants

( 338 } Koh Kobayashi and Kazushige Kato

10:50 Combustion Aspects of 5-Amino-1 H-Tetrazole and Some Oxidizers

( 2 1 1 ) Ka2iio Hasue, Takanori Akanuma and Harunori Hodai

1 1 : 1 0 Concept of a Clean Gas Generator for Deploying Airbags

( 902 ) Toshihiko Tamura and Akira Iwama

11 : 30 Changes of Kinetic Parameters of Homogeneous Propellants after Thermal Treatment
( 882 ) Jan Szymanowski, Maciej Miszczak and Eugeniusz Milewski
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11 : 50 The Japanese Farmers Skyrocket "RYUSEI1

( 386 ) Akira Kubozono

1 2 : 1 0 Lunch

THURSDAY AFTERNOON
OCT. 2, 1997

POSTER SESSION (2) : Chair N. Kubota and M. Takizuka

P 2-1 Disposal of Wastewater Containing Trinitorotoluene (TNT) with Powdered Ti02 Photocatalyst
( 741 ) under UV Radiation

Youichi Sano, Masaru Matsumoto, Shunichi Yoshinaga and Toshiyuki Nagaishi

P 2-2 Study on the Dynamic Mechanical Property of Single Base Propellant

( 274 ) Qiang Huang, Tingjin Lu and Yijun Liu

P 2-3 The Thermal Behavior of Nitrocellulose in Mixed Acids
( 584 ) Hidetsugu Nakamura, Miyako Akiyoshi and Yasutake Hara

P 2-4 Evaluation of the Explosion Strength of AL/KCL03 Firework Compositions

( 26 ) Tadahiro Aochi, Atsumi Miyake, Terushige Ogawa, Takehiro Matsunaga, Yoshio Nakayama and

Mitsuaki lida

P 2-5 Effect of Copper Based Ballistic Modifiers on the Reactions of Propellant Stabilizers

( 720) with Solid Propellant Decomposition Products N02, HN02, and HN03

M. H. Sammour

P 2-6 Explosive Characteristics of Report Charges
( 532 ) Takehiro Matsunaga, Mitsuaki lida, Tadahiro Aochi, Atsumi Miyake, Terushige Ogawa, Shuji

Hatanaka and Akira Miyahara

P 2-7 Study on Combustion Stability of a Nitramine Propellant

( 457 ) Li Li, Baochang Zhao, Dong Yang and Xinrui Li

P 2-8 Combustion Aspects of Boron and Some Oxidizers at Cryogenic Temperatures
( 2 1 9 ) Kazuo Hasue and Hisayuki Tamura

P 2—9 Thermal Behavior of the Mixtures of Metal Oxide and Magnalium
( 346) Michio Koga, Akira Miyahara, Masaru Matsumoto, Koji Miyano and Shunichi Yoshinaga

P 2-10 History and Current Status of Model Rocketry in Japan
( 958 } Makoto Yamada
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P 2-1 1 Rocket Development for Space Science in Japan

( 5 1 8 ) Yasunori Matogawa

P 2-1 2 Nanocat* Superfine Iron Oxide - A Superior Burning Rate Catalyst

( 369 ) Brian Kosowski and Tom Rudy

P 2-13 The Status of the Gap Program at 3M

( 1 ) P. F. Aiello and Bernard M. Kosowski

P 2~14 Optimization of an Ignition System for the Inflator of Submunition Dispersion Systems

( 290 ) J.S. Hwang, C.K. Kim, H.J. Ko and C.S. Kim

P 2-15 Detonation Model with Spherical Sources—M: on the so Called Non-Ideal Behavior of Explosives
C 441 ) Carl-Otto Leiber

P 2-16 Commercialization of a Laser Ignited Actuator

( 97 ) D. E. Benner, D. J. Haas, R. J. Massey, B. T. Neyer and A. C. Munger

P 2—17 Pyrotechnical Fire Extinguishing System

( 147 ) F. Farahani, I. Lotfi, M. Dadash nejad and All Saberi

15 : 00 Laboratories Tour

FRIDAY MORNING
OCT. 3, 1997

SESSION VI : Chair L. Saulnier and H. Fujiyama

9 : 00 Combustion Front Geometry of Heterogeneous Condensed Systems: Experiment and Computer

( 706 ) Modeling
A. Pivkina, Yu. Frolov, V. Aleshin and A. Vinokurov

9 : 20 Development of the Electrical Explosive Device with Printed Film Resistor

( 47 ) Eiji Arai and Masashi Watanabe

9 : 40 Investigation and Application of Anticaking Agent for Ammonium Nitrate

( 980 ) Haiquan Yin, Zhensheng Du, Guoliang Wang, Guihong Gong, Shijun Fan, Linpeng Zhang,
Ran Yu and Yingjie Lei

10 : 00 Coffee Break

10 . 30 Medical Application of Underwater Shock Waves

( 890 ) K. Takayama and T. Kodama

10 : 50 The Use of MAVISU to Integrate the Modeling and Analysis of Explosive Valve Interactions

( 616 ) Raymond Ng and Davina M. Kwon
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11:10 Development of the Remote Controlled Blasting System for Tunnel Construction

( 871 ) Satoru Suzuki, Minoru Kawamura, Yoshikazu Hirosaki and Yukio Kato

11 : 30 Wind Tunnel Experiments on Base Bleed Pyrotechnic Composition Reducing Drag Characters
( 646 ) Gongpei Pan, Xue Wang and Yi Li

11 : 50 Combustion of Heterogeneous Condensed Systems
( 1 79 ) Yurii Frolov

12:10 Lunch

FRIDAY AFTERNOON
OCT. 3, 1997

SESSION VII : Chair B. Soderberg and T. Matsunaga

13:10 Factors Affecting the Performance of Infrared Screening Smokes

(810) Amarjit Singh, SA Joshi, PJ Kamale and Haridwar Singh

13 : 30 Training Smokes Evaluation Program

( 250 ) M. O. Hemmila, M. K. Hihkio, M. J. Harkoma and M. K. Hagfors

13 : 50 Studies on Nickel-Potassium Perchlorate-HTPB Based Pyrotechnic Compositions

( 1 3 1 ) Reuben Daniel and Haridwar Singh

14:10 The Effects of Binders on the Behavior of Pyrotechnic Whistle Compositions

( 1 39 ) Joseph A. Domanico and Melvin N. Gerber

14 : 30 History of Japanese Fireworks

( 561 ) Teruhito Mutoh

14 : 50 Sulfurless Black Powder

( 792 ) Takeo Shimizu

15:10 Registrants Group Photograph

1 5 : 30 Wine and Cheese Farewell Party

SATURDAY
OCT. 4, 1997

} : 00 Sightseeing Tour and Lunch

5 : 00 Tsuchiura Fireworks Display
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ABSTRACT

3M has been actively involved in the research, development and production

of various forms of Glycidyl Azide Polymer (GAP) for the last 1 8 years.

Due to 3M's effort to improve the consistency and qualiiy or" these materials,

along with the unique properties of GAP, this family of materials is finding

utility in several different areas. This paper discusses our development

history, outlines 3M's current GAP offerings, gives examples of potential

GAP applications ami di

development.
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Introduction

I. History of 3M Involvement

Glycidyl Azide Polymers were developed at the Rocketdyne Division of Rockwell by Milt
Frankcl and colleagues in the mid 1970's under contract to the U.S. Air Force Rocket
Propulsion Laboratory.! The init ial purpose of Rocketdync's efforts was to develop an
energetic polymer for use in various defense related applications including Minimum
Signature Propellants, Reduced Smoke Propellants, Insensitive High Thrust Propellants,
High Energy Explosives, and Pyrotechnic Binder for Smoke. 3M became involved in
GAP development in 1979 when we provided Rocketdyne with samples of
Polyepichlorohydrin(PECH), the backbone used to make GAP (Figure 1). After several
years of development and refinement. 3M introduced Dynamar( TM ) HX-102 PECH for
sale in 1982. HX-102 provided the starting material for Rocketdyne's Medium Molecular
Weight Diol (MMWD), 2.0 OH functional 2400 Molecular weight (Mwt.) polymer
(Figure 2).

Figure 1. GAP Process Scheme

Epichlorohydrin + Initiator

PFXH (HX-102)
NaN3

GAP

Approved for public release: distribution is unlimited. March 1997

Figure 2. GAP MMWD Structure

-OCHCH2 O-Initiator-O CH2CHO-
I

CH2N3 CH2N3

The GAP made from HX-102 was widely sampled throughout the propulsion industry and
was found lacking on several points. The industry found this material to be deficient in
consistency and quality. 3M continued to work on improving GAP and in 1987 3M took an
option on Rockwell's GAP patents. By 1989, 3M submitted 3 proposals for GAP contracts
from the U.S. Air Force, were subsequently awarded and successfully completed all 3
programs (Table 1).



Table 1. U.S. Air Force GAP Programs Awarded to 3M

GAP STABILIZATION(Subcontractorto ARC)
Sponsor: Phillips Lab Bdwards AFB, CA
Goal: To investigate compounds which cause a change in the nitrogen evolution rate of
GAP in an effort to develop stabilizers for GAP-based Propellants.
Status: Complete and compounds identified

GAP WASTE MINIMIZATION
Sponsor: Environics LabTyndall AFB, FL
Goal: To reduce the amount of waste produced per pound of GAP in an effort to reduce
the manufacturing cost.
Status: Complete and Successful samples

GAP MANUFACTURING TECHNOLOGY
Sponsor: Aeronautical Systems Division, Wright-Patterson AFB, OH
Goals: To develop a cost effective process to make GAP Diol at a rate of 1 million
pounds per year at $20/lb in 1989 dollars.
Status: Successfully Completed

3M felt that GAP showed significant promise for future growth and in 1989, 3M completed
negotiations to purchase a non-exclusive license from Rockwell to produce GAP. Over the
next 8 years 3M widely sampled different materials, including L-9961:2400 Mwt Low
Reactivity Diol similar to Rocketdyne's mMWD, L-l 1391:2400 Mwt High Reactivity Diol,
L-l 129:3600 Mwt High Reactivity Triol, L-12616 (Now Called GAP 0700):700 Mwt
Plasticizer and L-12369 (Now Called GAP 5527):550 Mwt 2.7 OH Polyol. Feedback
obtained from customers along with extensive market research as part of the MANTECH
program showed that the High Reactivity materials were causing problems with
formulators. High reactive material was made from PECH which has residual tin catalyst.
GAP made from this type of PECHcrosslinked faster than materials such as L-9961. It was
also discovered that with aging this fast cure accelerated even further. This led to uncertain
crosslinking speeds and after determining customer preferences 3M chose to limit our GAP
offerings to 3 materials: L-9961 GAP Diol, L-12616 GAP Plasticizer and GAP-5527
Polyol, eliminating all High Reactivity Material. If a formulator wishes to speed up the
cure of GAP, the addition of standard cure catalysts give controllable increases in curing
reaction. All of these materials have been scaled up to minimum 1,000 Ib. lots. During the
early 1990's, with the large cut back in Defense spending, 3M tried to spark interest in GAP
by funding a GAP Formulation Study with 3M internal funds. Flercules Incorporated (Now
Alliant TechSystems) of Rocket Center West Virginia successfully fired a pulse-one High
Performance/Low Observable (HPLO) motor and the results were reported at the 1992
JANNAF Propulsion Meeting.2 Data from this program showed that motors could be
produced which could meet stringent low temperature mechanical, ballistic and aging
properties needed to produce successful tactical motors (Table 2).



Table 2. Formulation Study Results Summary

Produced and Successfully Fired One-Pulse HPLO Motor
Excellent Low Temperature Mechanical Properties

69% Strain @ 2 in./min.
56% Strain at HPLO Ignition Conditions

Good Accelerated Aging (Compares to 14 plus years Ambient Shelf Life)
Good Ballistics

II. Current Status

As mentioned previously, 3M conducted an industry survey of positive and negative
aspects of our GAP product offerings as part of the MANTECH contract. From the data
compiled, the overall trend was that the industry required higher functionality polymers
than were available in MMWD or L-9961 and plasticizers which were less sensitive than
GAP-A from Rocketdyne. Taking this information to heart, 3M decided to limit our
offerings to two materials (Table 3). Both of these materials are currently available in
production quantities. GAP has been of interest to the propulsion industry because this
family of materials displays an unique combination of features which allows the formulator
to be able to meet a wide variety of performance parameters. These features include
product safety: GAP is classified U.N. 1.3 C and has low toxicity; Hydroxyl Functional,
GAP is able to be crosslinked using standard Isocyanate and processing equipment; Rapid
Burn: GAP burns rapidly under ambient conditions, and Highly Energetic; the heat of
formation is +33 KCal/Mole.

Table 3. Current 3M GAP Offerings
GAP-0700

Property GAP-5527 L-12616
Molecular Wt.
Equivalent Wt.
Functionality
Gel Time, 25C
Water, %
Thermal Stab, TGA
Viscosity, 20C

5500
2000
2.7

>14 Days
0.03

>200C
1 2,000 CPS

700
>40,000

0
N.A.
0.03

>200C
125 CPS



HI. Examples of Potential GAP Applications

Since 1990 3M has produced significant quantities of our GAP products. Many proposed
uses for GAP have been discussed and several patents have been issued for products and
designs that utilize GAP. Along with HPLO, a variety of potential uses for GAP have been
reported. The 3 listed below are representative of the wide variety of applications.

• GAP in Pyrotechnic Fire Extinguisher
NAWC China Lake has patented a fire extinguisher which uses a
pyrotechnic formulation containing GAP, an azido plasticizer, a solid
tetrazole and a perfluorocarboxylic acid salt. The fire is put out by
igniting the formulation which flamelessly deflagrates to produce non-
flammable gas which reduces the oxygen content proximate to the flame as
well as through the flame suppression of the fluorocarbon products. The
ability of GAP to rapidly burn and its nitrogen evolution are used beneficially
in this application. (US Patent Number 5,520,826).

• GAP as Energetic Coating for Gun Propellants
Alliant TechSystems has devised a method for fabricating a gun propellant coating
using GAP. The GAP allows a higher compaction density of the propellant, reduces
the hydroscopicity of the propellant allowing more propellant to be packed into a
cartridge, improves the insensitive properties of the munitions while providing
superior ballistic performance. (European Patent 0 633 236 Al) .

• GAP Hybrid Air Bag
OEA has filed a patent application on a hybrid air bag inflator using GAP. The
formulation uses GAP, CAB and RDX to heat a stored gas and the
combustion products along with the stored gas mixture is used to
inflate an automotive air bag. This type of formulation may find favor in
the automotive industry as a replacement for standard Sodium Azide
Pyrotechnic inflators. (European Patent Application 95200607.0).

IV. Future Plans

3M is committed to providing high quality materials to the aerospace industry. Our product
line in the Propellant, Ordnance and Pyrotechnic market has been expanding over the last
several years and we foresee future growth. GAP 12616 has been commercialized and the
new product is called GAP 0700.
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(Abstract)
Various carbohydrazidc metal complexes (M(CDH)«(N03)z,

M=Mg, Zn, Ni, Co, Ma Ca, Sr, n=2 or 3) expected to be new gas
generator, were synthesized and their thermal behavior were investi-
gated.

As a result of the thermal analysis, it was concluded that the
reactivity increased clue to the coordination of CDH to the metal. Also
the reactivity was complicated, because the exothermic peak were
separated into several peaks.

Thermal behavior was investigated during the isothermal
decomposition and a first-order equation would be most applicable for
the decomposition for every type of complex. From obtaiined the activa-
tion energies based on the Arrhenius plots, it was found that the lower
the complex stability, the lower the activation energy tend to be for the
decomposition. Consequently, the behavior of the decomposition largely
depended on the stability of the complex.

The evolved gases during the decomposition were approxi-
mately the same for every kind of coordinated metal. The evolution of
Nz, NH:i, NzHi, NaO, NO, CO, C02 was confirmed by the decomposition
below about 300 °C . In particular, that of the N>, NarL and NIL was the
main reaction. On the other hand, in the case of the ignition (at 400 °C
or above), the evolution ratio of N* increased, while that of N>Hi and
NH:) decreased. Perhaps, when the reaction rapidly progresses, it was
guessed that the nitrate ion might participate as an oxidizing agent.



/. Introduction
Recently, automobiles sold in Japan have been equipped with

an air bag system for safe driving. Though NaNsis pressentry used
as the main component of the gas generator, it has a treatment prob-
lem 2[ Consequently, a new gas generator , which offers high thermal
stability and which evolves a large amount of harmless gas upon decom-
position, has been desired as a substitute for NaN:t.

CDH, which is composed of four nitrogen atoms, a carbon
atom and anoxygen atom, is expected to be one of these new gas gener-
ators.

In this study, in order to investigate the possibility of the
practical application of CDH, various CDH metal complexes (M(CDH)a-
(N0a)2: M=bivalent metal) were synthesized and their thermal behav-
ior investigated.

2. Experiments_
2.1 Synthesis of CDH metal nitrate complex.

Hot aqueous solutions of various Wako pure chemical reagent
grade metal nitrates (M(NO;^ ,M=Mg, Zn, Mn, Ni, Co, Ca, Sr ) and
CDH from Japan Hydrazine Corporation were mixed in the mole ratio
of 1:3, based on Ivanovs method". The product was used after confir-
mation by elemental analysis, conductimctric titration (or absorp-
tiometry) and chelatometric titration.
2. 2 Thermal analysis

Thermal analysis was carried out using a Rigaku TAS-200
thermal analyzer. The sample amount was 5 mg (an alumina open cell).
The sample was heated to 700 °C in Ar atmosphere at a heating rate of
20 °C /min. The heating rate was also changed to 2, 5, 10 and
20 °C /min.
2. 3 Isothermal decomposition

Fifty mg was placed in a glass tube sealed at one end ( 6mm
inside diameter and 60 mm length) and placed in an iron block. It was
inserted into an electric furnace kept at various temperatures. After
being heated for a specified time, the weight of the sample was mea-
sured. The decomposition residue was analyzed by X-ray diffraction
using a Rigaku Rotar Flex RU-200, by elemental analysis using a
Yanagimoto CHN corder (MT-3 type) and by infrared spcctroscopy
using a Shimazu FTIR-8100A.
2. 4 Gas evolved during the decomposition

The gas evolved was qualitatively analyzed using a Yokogawa
mass spectrometer connected to a Rigaku TAS-200 Thermal Analyzer.

- 8



Two to three mg of the sample was heated to 500 °C at a heating rate
of 20 °C /min. under He.

As the quantitative analysis of the evolution gas, the pyrolysis
apparatus was connected to a gas chromatograph (hereafter, GC;
Shimazu GC-4C). Fifty mg of the sample was heated at various tem-
peratures under He gas (0.5% QO flowing at 20ml/min. Table 1 shows
the measurement conditions for GC. The quantitative analysis of NHs
and N2Hi gases was carried out using absorptiomctry dMl. The weight of
the sample was also measured with reaction time. In the case that the
reaction rapidly progressed (decomposition at 400 °C or above), the
evolved gas was collected in a collection bag (Tedlar Bags; 100mm X
150 mm) without directry introducing their to the GC.

Table 1 The analytical conditions during gas chromatography

Length of column
Packin_g_rnaterial
Col.temp (°C )
Carrier gas (ml/min.)

CO I CO.________ .
3mm <t> X 1.5 m

molecular sieve 5A
40
30

active carbon! silica gel
35

20 70

3. Results and Discussion.
3. 1 Synthesis of the CDH complexes of certain metals.

The formation of metal nitrate complexes (M(CDHXNO:i)i> ,
M;divalent metahMg, Zn, Mn, Ni, Co) was confirmed by elemental anal-
ysis, chelatometric titration etc. As for the Ca and Sr complexes, the
product was Ca(CDH)2(NO:.)2H20 and for Sr(CDH)*(N03)2, respectivity.
It was postulated that a more stable complex was formed due to the
large ionic radius of the coordinated metal, the steric hindrance of
CDH, etc. The nitrate ion may be also a ligand.
3. 2 Thermal analysis of CDH metal complexes

Figs. 1 (a) and (b) show the DTA— TG curves for CDH and
for the Mg complex as a representative example. CDH caused an
endothermic reaction including melting at 156.7 °C (melting point :
154 °C51) and then a small exothermic decomposition. In metal com-
plexes, the initial temperature of the endothermic peak was 200 to
230 °C and an exothermic peak occurred soon after melting. Conser

quently, it was concluded that the reactivity increased due to the coor-
dination of CDH to the metal Also, the reactivity was complicated, be-
cause the exothermic peak was widely separated into several peaks.
The final product of the thermal analysis was confirmed to be a divalent
metallic oxide based on the weight loss and X-ray diffraction analysis.

- 9 -
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Fig.2 shows the
initial temperature of the
endothermic and exother-
mic peaks and the activa
tion energies evaluated
using Kissingers method w.
Though the initial temper-
ature of melting for the Mn
and Sr complexes showed
a low value compared with
the others and no distinct
difference appeared Based
on the exothermic peak
and the activation energies,
there is a tendency to de-
crease in the order of Zn,
Ni, Co and Mn over the
same period except for
the Ca complex.
3. 3 Isothermal decomposition
3. 3. 1 Change in weight loss versus time

Figs. 3 and 4 show time versus the weight toss curves for
the Mg and Ni complexes as typical examples. In these figures, the clot-
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Fig.2 Initial temperature of peaks in
DTA cui-ves and activation energies
calculated from Kissingers method
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ted line shows the weight loss calculated for the divalent metallic oxide
of the residue. The weight loss during isothermal decomposition of the
Mg complex converged to 0.570, as shown in Fig. 3. At lower experi-
mental temperatures, the weight loss converged to 0.570 after remain-
ing at the same experimental temperature for several hours. In this ex-
perimental temperature range, a stable intermediate may be formed dur-
ing the course of the reaction. The same phenomenon was also seen

•a 0.4

0 20 40 60 BO 100
Time (min.)

C o25(TC

20 40 60 80 100
Time (min.)

2 9 2 . ra: o2tm.: o 2?sr
Fig.3 The decomposition of Fig.4 The decomposition of

Mg(CDH)3(NO:02 at various Ni(CDIIXNO^ at various
temperatures temperatures

with the Zn, Ca and Sr complexes. Table 2 shows the results of the ele-
mental analysis of these decomposition residues. The ratio of the ele-
ments in the molecular formula derived from the elemental analysis ne-
gates the possibility that the CDH remains in the residues. Perhaps the
intermediate was not M(CDH)m(NOO» (M=metal). As for the Sr com-
plex, the formation of Sr(NO:0^ was also confirmed by X- ray diffraction
analysis.

Table 2 The results of elementary analysis of the residue
(Un i t : w t . %)

H(CDH) 3 (Nth) i

M=
Mg
Zn
Ca
S r

C

11.
8.
6.
0.

S3
74
59
62

H

b.
1.
2.
0.

00
24
12
18

r
9.

22.
21.
17.

J

00
8
47
59

W

137
40.
23.
41.

5(T
6 3 *
50*
40*

61
26
46
40

M;

0

00^
5 9 *
80"
21*

Mo 1 ecu 1 ar
f o rmu 1 a
MgC?H9N06

Z n t C H z N z O ? )
Ca (CH2N3Os)
S r ( N O j ) ,

Metal
:;: ; calculated value

On the other hand, for the Mn, Co and Ni complexes, the
divalent metallic oxide was confirmed by the weight loss and X—ray
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diffraction analysis. In the Ni complex, as seen in Figure 4, the curve
for the weight loss has an inflection point. Some intermediate may be
formed as in the case of the Mg and Zn complexes, but the reaction
goes further. Predictably, the Mg, Zn, Ca and Sr complexes will also be
finally changed to the metallic oxide like the Ni complex (Fig. 4), if
isothermally decomposed at a higher temperature or for a longer time
at the same experimental
temperatures.
3.3.2 Activation energies

An applicable rate
equation was investigated from
the fractional decomposition;
the result was that a first- order
equation can best describe the
reaction. Plots for the Mg com-
plex, as a typical example, are
shown in Fig. 5, in which good
linearity is seen over the range
of the fractional decomposition
from 10 to 85%. Fig. 6 shows the
the activation energies calculated
from the Arrhenius plot, in which
the Irving -Williams series ?> that
describe the stability of the metal
complex are also denoted by the o 20 40 60 80 100

A 2801:
D not:
o 2 cot:
o 2 sot:

40 60

T ime (mi n.)

Fig.5 Plot of the decomposition
ratio(X) of the Mg(CDH):! -

(NO:0-J and -ln(l-X) against
time

dotted lines. The activation energy
for the CDH metal complexes
decreased in order of Zn, Ni, Co
and Mn in the same period of the
periodic table, except for the Ca
complex. This order is almost
consistent with that in the Irving- Williams series7' and this tendency
is also seen in Fig. 2. In addition, the more stable a complex, the more
easily it forms an intermediate. The CDH metal complexes generate
gases, such as NIL and CO which can be a ligand by the decomposi-
tion. Consequently, there is the possibility that the intermediate might
be a complex formed by re— coordination of generated gases. As for the
Ca and Sr complexes, the activation energy is inconsistent with the ten-
dency of the complex stability because of a different ligand from the
complexes coordinated by three CDHs, For these complexes, there is
no possibility that the intermediate is a re—coordination complex due to

12



the large ionic radius of the coordinated metal.

240 -

v

O

Mg Ca Sr Ba

Ca Mn Co Ni Zn

Fig.6 Activation energies for the decomposition of carbohydrazide
complexes of certain metals

3.4 The gas evolved during decomposition.
3.4.1 Qualitative analysis by TG-MS.

Fig. 7(a) shows the change in the total ionic amount of the
evolved gas during the decomposition for the Mg complex as the rcpre
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Fig.7 The amount of total ion of the evolved gas (a) and DTA-TG
curves (b) for the Mg complex
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10

28

sentative example. In contrast with the results of the thermal analysis
(Fig. 7(b)), the gas began to evolve as soon as the weight of the sample
started to decrease by the decomposition. Fig. 8 shows the mass spec-
trum of the evolved gas at point 1 in Fig. 7.
The kind of fragment value
scarcely changed during the x 10 4

reaction process. Table 4
lists the fragment values and
the kinds of gases evolved.
N2 may be the main product, ^ 44

considering the intensity of 5 5 \- i e 171 a
the peak at m/e=28 and the
structure of the CDH complex _
(MG^HoCOMNCWz ) . In the 0 1 0 20
CDH metal complex only, NH*
and CO gas may evolve be- Fig.8
cause of the negative oxygen
balance (-0.229 g/g). N20 was
assumed to evolve considering the peak at m/e=30, thought its evolu-
tion mechanics were unknown. In addition, the amount of N20 or CO->
may increase with the temperature, because the peak intensity at
m/e=44 become large.

Table 3 The fragment values for evolved gases

30
m/e

40 50

The mass spectrum of the
evolved gas at point 1 in FIg.7

m/e
17

17, 18
28
32

30, 44
28, 44

components
NIL
H20

N2fCO,CO-2
N2H.i,02

N20
C02

3.4.2 Quantitative analysis during the isothermal decomposition
The evolution behavior of the gases, which were assumed in

the TG-MS analysis, was quantitatively investigated for the isothermal
decomposition.

Fig. 9 shows the evolved amount of N2, NIL, N2H^ NA CO
and C02 and the weight loss versus time curves at 260 °C for the Mg
complex. The evolution of N2, NIL , NaH-i and CO finished about 20 ~
80 minutes after the start of the reaction. After these gases stopped c-
volving, NiO and C02 gradually evolved with slow decomposition.
Table 4 shows the evolution amount of gases per Imol of the Mg com-



plex. N2H4 and NH3 evolved as much as N2 (N:>:28.9%, ^4:2
NHa:27.4%). For every kind of complex, the evolution behavior of the
gas was approximately the same as that of the Mg complex. The bal-
ance of both nitrogen and carbon atoms is approximately good before
and after the reaction, if considering these atoms in the decomposition
residue (MgGNnlLO:.) at 260 °C .

0 10 20 30 40
Time (min.)

50 60

N2 , O NzH, , 4- NH3 , A
CCh > T CO O Weight loss

Fig.9 The evolved gas for the decomposition of
Mg(CDH)3(NO:02 at 260 °C

Table 4 The amounts of evolved gas

N;

NH3

N 2 H 4

M

CO
CO Z

t h e t o t a l

A m o u n t o f e v o l v e d gas
ml /g (MgCDH) X 1

1 06. 5

101. 1
78. 1

40. 1

2. 7

42
370. 5

mo I/ mo l (MgCDH ) X1

1. 99

1. 89
1. 46
0. 75

0. 05

0. 75
6. 89

(calculated values at Standard State)
*1: Mg CDH;

Furthermore, from the IR spectrum of the decomposition
residue with reaction time, the absorption that was caused by nitrate
ion was confirmed at 10 minutes after the start of the reaction (weight
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loss: 48%). As a result of the X-ray diffraction, the pattern of Mg-
(NOs)z was not confirmed- Therefore, the decomposition residue may be
the complex as CDH gradually decompose without nitrate ion decom-
posing. The same results were obtained for the other complexes. In the
isothermal decomposition at 250- 300 °C , it is postulated that nitrate
ion hardly participates as the oxidizing agent

On the other hand, at 400 °C or above, the CDH complex
decomposes so rapidly that
ignition occurs. From the
results of the X- ray diffrac-
tion of the decomposition res-
idue, the diffraction pattern of
a divalent metallic oxide was
confirmed. Therefore, in the
case of ignition, the decompo-
sition apparently progresses
without forming the intermedi-
ate during the course of the
reaction. Fig. 10 shows the dis-
tribution of the gases evolved at

•4— I

2
c
o

100

80

60

5 40

o
W 20

400°C 260°C

• N2 sco2 0co
Fig.lO The proportional of each

gas to all evolved gases
400 C for the Mg complex, in
which the result at the lower
temperature (at 260 °C ) is also
shown for reference. In the case of ignition, the evolution ratio of N2
increases, and that is different from the result in the case of the
isothermal decomposition. When the reaction rapidly progresses, the
nitrate ion may participate as the oxidizing agent.

4.Conclusion
The carbohydrazide metal complex (M(CDHMNOi)z :M=Mg,

Zn, Mn, Ni, Co) expected to be a new gas generator, was synthesized
based on the method by Ivanov et al". For the Ca and Sr complexes,
two CDH molecules were coordinated to a metal.

The CDH metal complexes were predicted to generate gases
by decomposition and finally produce the divalent metallic oxides. How-
ever, for the Mg, Zn , Ca and Sr complexes, stable intermediates were
formed during the course of the reaction in the isothermal decomposi-
tion. From the result of the elemental analysis of the residue, it was
postulated that these were not in the form of M(CDH)m(N03)n (M =
Metal).

As a result of the investigation of the applicable rate equa-
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tion, a first-order equation could describe the decomposition reaction.
From the activation energies obtained based on the Arrhenius plots, it
was found that the lower the complex stability, the lower the activation
energy tended to be for decomposition. The behavior of the decomposi-
tion largely depended on the complex stability ?> . As one possibility of
the intermediate, a stable complex may be formed by re-coordination
of gases generated by the decomposition, except for the Ca and Sr
complex of the large ionic radius of metal. As for the Ca and Sr
complexes, the activation energies are also inconsistent with the ten-
dency of the complex stability?> because of a different ligand from the
complexes coordinated by three CDHs. Perhaps these complexes are
very likely to have a decomposition mechanism different from that of
the others.

The evolved gases during the decomposition were approxi-
mately the same for every kind of coordinated metal. The evolution of
N2, NHs, NaHi, N20, NO, CO, C02 was confirmed by the decomposition
below about 300 °C . In particular, that of NJ, N2fL and NHa was the
main reaction. On the other hand, in the case of ignition (at 400 °C or
above), the evolution ratio of Nz increased and that of ISkFL and NIL de-
creased. Perhaps, when the reaction rapidly progresses, it was postu-
lated that the nitrate ion might participate as the oxidizing agent.

References
1) M.G.Ivanov et al., Russian Journal of Inorganic Chemistry, 26(8), 1150

(1981)
2)" Prevention of disasters and Guide", Chemical Industry, 42, 11 (1989),

p!92
3)"Method for Dtetermination of Ammomia in Exhaust Gas11, JIS, K0099

(1983)
4)MAnalytical Chemistry Handbook", Maruzen(1961), ed. by Japan

Chemistry Society
5)"Chemistry Handbook", vol.1, P245(1984), ed. by Japan Chemistry

Society
6) Kissinger.H.E.: "Reaction Kinetics in Differential Thermal Analysis",

Analytical Chemistry ,Vol.29,1957,p.l702
7) F.Basolo.RJohnson,: S.Yamada,Coordination Chemistry (Chemistry of

Metal Complex), Kagaku Douzin(1983), p!30

- 17 -
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ABSTRACT

In order to investigate thermal decomposition behaviors of energetic materials,

semi-empirical molecular orbital calculations and chomical kinetic calculations have

been conducted for di-ferMmtyl peroxide, fert-butyl hydroperoxide and fer^butyl

nitrite in addition to DSC (Differential Scanning Calorimetry) and ARC (Accelerated

Rate Calorimetry) measurements.

Bond dissociation energy can be estimated by MO calculations, and the weakest

bond dissociation energy in the molecule approximately correlates with the on-set

temperature measured by DSC or ARC.

Chemical kinetic calculations using chemical reaction mechanisms can give

concentration profiles of reactants and products as well as temperature and pressure

profiles for the thermal decomposition of energetic materials, which will help

analyzing DSC and ARC results.
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INTRODUCTION

In order to estimate the thermal stability or the potential hazard of fire and

explosion for various kinds of energetic materials, it is essential to understand their

thermal decomposition behaviors. DSC (Differential Scanning Calorimetry) and

ARC (Accelerated Rate Calorimetry) are widely used to estimate thermal stability

(Ref. 1). Various structural parameters are used to explain the sensitivity and

stability of energetic materials (Ref, 2).

Here, we have conducted semi-empirical MO calculations and chemical kinetic

calculations for some energetic materials to interpret the results of DSC and ARC

measurements .

METHOD

Di-fer^butyl peroxide and tert-butyi hydroperoxide were obtained from Kayaku

Akzo Co., tert-buty\e was obtained from Tokyo Kasei Kogyo Co., Ltd. They are

in the liquid state at room temperature and have a £-butoxyl group in common.

DSC (Mettler DSC20) measurements were conducted with l-2mg of sample in a

stainless sealed-cell by the heating rate of lOK/min.

ARC (Columbia Scientific Industries Corporation) measurements were conducted

with Ig of sample by the heating conditions as follows: temperature increment 5K,

exotherm searching time lOmin, exotherm detection sensitivity 0.02K/min.

Semi-empirical MO calculations were conducted using MOPAC93-PM3 (Ref. 3).

Chemical kinetic calculations were conducted with SENKIN (Ref. 4). The

reaction model is based on the combustion model of di-^butyl peroxide (Ref. 5) and

several reactions were added to simulate the reactions of i-butyl hydroperoxide and t-

butyl nitrite. Most of thermochemical date were obtained from the Chemkin

Therm odyn am ic Data Base (Ref. 6) and some were estimated by using a computer code

"THERM" based on a group additivity rule (Ref. 7).

RESULTS AND DISCUSSION

DSC • ARC measurements

Observed on-set temperatures are listed in Table 1. Thermal stability of £-butyl

19



nitrite was higher than those of others. Ui-t-butyl peroxide was slightly less stable

than Mmtyl hydroperoxide.

Table 1 TDSC and TARC for tbutoxyl compounds
compound
(£C4H90)2

^-C-iHyOOH
K%H9ONO

TDsoCC)
131
135
163

TARC(°C)
101.3
111.4
141.3

Temperature and pressure rise by thermal decomposition could be also monitored

by ARC.

Semi-empirical MO calculations

In a molecule, there are some possible bonds to dissociate in the initial stage of the

thermal decomposition. Ry evaluating each bond dissociation energy, it is possible to

specify the weakest bond. Calculated bond dissociation energies by PM3 are shown

below.

'2 t-CdlvO 112kJ/mol

9 175kJ/mol

155kJ/mol

377kJ/mol

182kJ/mol

t-C4ll90NO -> t-CJIgO + NO 123kJ/mol*

£-C4H9 + NO2 174kJ/mol*

(*estimated by partly using observed data)

Here, 0-0, 0-OH or 0-NO bond cleavage is expected to occur from the calculated bond

dissociation energy, as generally admitted (Kef, 8,9),

For the comparison of thermal stability of various compounds, bond dissociation

energy is also useful. The weakest bond dissociation energy almost correlates well

with the cxo therm temperature (Tosc and TARC), that is, the lower the bond

dissociation energy is, the less thermally stable the compound is. For t-butyl nitrite,

0-NO dissociation energy is smaller than O-OH dissociation energy of t-butyl

hydroperoxide, but it is thermally more stable than t-G-iHgOOH. It, is because NO

produced from £-C4HoONO is not so reactive thai subsequent reactions might not feed

enough energy to the system.

- 20



Chemical kinetic calculations

Initial steps of the thermal decomposition of three kinds of £-butoxyl compounds are

shown below.

(t-C.di'.,0~)'2 ~> 2^Hu(> 2.0xiO'5exp(-18282/T)sec-i (Kef. 5)

*-C.iHs>O()H -> t-CdluO + OH 4.0X 10^exp(-21235/T) sec-' (Ref. 8)

t-O-jHaONO -> t-O-iH^O + NO 2.0x 101* exp(-20280/T) sec-i (Kef. 9)

Di-i-butyl peroxide decomposes faster than others. Other two compounds have

almost the same rate constants. Produced t-butoxyl radical wi l l decompose to

acetone and methyl radical. Acetone decomposes or reacts with active species to

produce radicals. Produced methyl radicals recombine or obtain hydrogen to form

alkanes exothermally.

t-CaieO -» (CH.-0200 + CHs

(CHa)2CO -> CO + 2CH3 etc.

CH;5 + CH;s -> C2H«i etc.

Hydroxyl radical produced from t-butyl hydroperoxide reacts with acetone.

(OH.-0200 + OH -> CiI2COCHn + Il20

Nitrogen monoxide produced from t-butyl nitrite reacts with alkyl radical to form

nitrosoalkane.

CH3 + NO -> CH;.NO

These two reactions are exothermic and feed energy to the system,

At first calculations have been conducted under adiabatic, constant volume system.

For di-tbutyl peroxide at initial temperature of 11()"C, rapid exotherm occurred after

3.7GX103 sec. For t-butyl hydroperoxide at the initial temperature of 160°C, it

occurred after 5.84X103 sec (Fig. 1). For tbutyl nitrite, rapid exotherm was not, seen.

It is because enough energy was not supplied to the system by this reaction

mechanism.

When the temperature was elevated gradually (lOK/min), concentration profiles of

reactants and products are shown in Fig. 2a-c. Decomposition starting temperature

was 110,160 and 1G()°C for (tC-tHnO^, t-C^gOOH and ^HoONO, respectively. In

this case, t-butyl nitrite decomposed vigorously because temperature in the system was

raised regularly. According to the decrease of (£-G4H9O)2, acetone and ethane

increased, then, at higher temperature they decreased gradually through the reaction

with radicals. For t-t^HgOOH, the yield of acetone was lower than that of OC-iHeO^,

because of the reaction between acetone and Oil. Instead, the yield of IhO was

noteworthy. For ^.iHgONO, nitrosomethane was produced, then thermally

decomposed, and accordingly, produced methyl radical reacted with acetone to form
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methane.

Thermal decomposition behaviors can be discussed by these calculations. But

these calculations didn't consider condensed-phase reactions and the effect of sample

weights. They must be taken into account when the results are discussed,

CONCLUSIONS

Semi-empirical MO calculations and chemical kinetic calculations have been

conducted to investigate the thermal decomposition behaviors of energetic materials.

From the relationship between calculated bond dissociation energy and on-set

temperature of DSC or ARC, the compound with lower bond dissociation energy has

lower thermal stability. From the results of chemical kinetic calculations, thermal

decomposition behaviors can be discussed.
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ABSTRACT

In order to obtain a better understanding of explosion
properties and evaluate the explosion strength of aluminum
/potassium chlorate (A1/KC1O:!) firework compositions, air blast
measurement and ballistic mortar test were carried out. In this series
of tests, the influences of aluminum content and the particle shape of
aluminum were investigated.

It was found that TNT equivalence obtained by the air blast
measurement of A1/KC1O3 compositions was strongly influenced by
the particle shape of aluminum. TNT equivalence of blast wave of
flake aluminum and potassium chlorate compositions (Al(f)/KClO.t)
showed a maximum value at 20wt.% of aluminum content and the
TNT equivalence was estimated as 60% when 25g of the composition
was ignited in 30cm1 glass vessel. Moreover the TNT equivalence
showed a good agreement with the shock energies obtained by the
underwater explosion test of the same compositions.

It was found that the difference of particle shape of aluminum
had a small influence on the TNT equivalence obtained by the ballistic
mortar test. TNT equivalence of both Al(f)/KClO,t and atomized
aluminum and potassium chlorate compositions (Al(a)/KClO3) showed
a maximum value at 20^30wt.% of aluminum content and the TNT
equivalence was estimated as 85% when the samples were ignited
with the No.6 detonator. Moreover the energy supplied at ignition
from No.l to No.6 detonator had a small influence on the TNT
equivalence obtained by the ballistic mortar test.
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1. INTRODUCTION

In order to prevent and reduce a number of accidents and minimize the damage

due to the undesired explosion of pyrotechnic compositions in firework factories,

quantitative information of the explosion properties and the safety evaluation of

firework compositions are demanded.

An aluminum and oxidizer compositions have been widely used for fireworks

and the compositions have been involved in a large number of serious accidents in the

firework industry [Ref.l]. In order to investigate the explosion properties and to

evaluate the explosion strength of firework compositions which include potassium

chlorate mixed with different kinds of aluminum, underwater explosion test was carried

out and the results were reported in Proc. 22nd IPS [Ref.2].

In this paper air blast measurement and ballistic mortar test were carried out. In

this series of tests, the influences of aluminum content and the particle shape of

aluminum were investigated. Moreover the kind of the sample vessel and the influences

of the energy supplied to samples at ignition on the explosion strength of A1/KC1C>3

mixtures were investigated.

2. MATERIALS

Table 1 shows the materials used in this study. All of three materials : flake

aluminum [Al(f)], atomized aluminum [Al(a)] and potassium chlorate [KCIO^] were

prepared for firework ingredients. The average particle diameters (and specific surface

area) were 30u,m (3.55m2/g), 20fxm (0.71m2/g), 70(im (0.27m2/g) respectively and the

purities were more than 99%. The theoretical zero oxygen balance of A1/KC1O3

composition is 30wt.% of aluminum content.

3,EXPER1MENT_AL

3.1 Air blast measurement

The experimental arrangement used in this experiments is shown in Fig. 1. The

sample charge were placed at the height of 1.0m from the ground level. The piezo-

electric pressure gage (PCB102A02) were located at 2m from the sample charge and the

semiconductor type pressure gage (Kulite XCQ-062) were located at 2m, 4m, 8m, 16m

from the sample charge. The pressure profiles of blast waves were measured with the

gages and the pressure-time histories from the gages were recorded with A/D converters

and a personal computer.

A 25g sample was loaded in a 30cm3 glass vessel as same as that of the
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underwater explosion test and was ignited with the No. 6 detonator [Ref.2]. In this series

of tests the static peak-overpressures of blast wave of samples were converted to TNT

equivalence which is based on the data of the relation between the scaled distance from

the charge and the scaled peak pressure of blast wave of standard TNT reported by

Naval Surface Weapons Center [Ref.3j.

Moreover in order to investigate the influence of the sample vessels on the

blast waves, a 25g sample was loaded in a ball-shaped vessel made of craft paper and

ignited with the No. 6 detonator and the fusehead igniter respectively

3.2 Ballistic mortar test

The Mk III d ballistic mortar test apparatus used in this experiments is shown

in Fig. 2. In order to investigate the influences of aluminum content and the particle

shape of aluminum, a 5g test samples in 10cm3 glass tube vessel were ignited with the

No. 6 detonator in the ballistic mortar. Deflection of the mortar which was caused by the

reaction of the shell launched by expansion of the explosion gas products were measured.

Moreover in order to investigate the influence of the energy supplied to samples at

ignition, the samples were ignited with several types of detonator which have different

weight of PETN. The detonator used in this study (and PETN equivalent weight) : No.O

detonator (0.18g), No.l (0.28g), No.2 (0.38g), No.3 (0.48g), No.6 (0.60g).

The 5g TNT and 5g PETN as a standard explosive and 5g boric acid as a blank

were tested. The TNT equivalence was determined by the formula (1).

- dblank )| x 100 (1)

where TNTeqbm - TNT equivalence obtained by the ballistic mortar test

^sample : Deflection of mortar when test sample was ignited

: Deflection of mortar when TNT was ignited

: Deflection of mortar when boric acid was ignited

4. RESULTS AND DISCUSSION

4.1 Influences of aluminum content and the particle shape of aluminum on

the TNT equivalence obtained by air blast measurement

Fig. 3 shows the influence of the particle shape of the aluminum on the TNT

equivalence obtained by the blast wave obtained at 2m from the sample charge as a

function of aluminum content. The TNT equivalence of Al(f)/KClO3 (O in figure)

showed a maximum value at 20wt% of aluminum content and the TNT equivalence was
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estimated as 60%. On the other hand the TNT equivalence of Al(a)/KClO3 (A in

figure) was estimated as 30% at 20~~50wt.% of aluminum content. That may be

because the reactivity of Al(f) is higher than that of Al(a) as specific surface area of

Al(f) is larger than that of Al(a), also shown in the results of the underwater explosion

test and the 24cc closed vessel tests also showed [Ref.2, 4, 5]. Moreover it was found

that there was a good agreement between the TNT equivalence obtained by the air blast

measurement and the shock energies of the underwater explosion test. (Fig.4).

Those results in this study shows not only the oxygen balance but also the

consideration of the shape of aluminum particle is needed in the investigation of

explosion properties and the safety evaluation of firework compositions.

4.2 Influence of the sample vessels on TNT equivalence obtained by air blast

measurement

Table 3 shows the comparison of TNT equivalence when the sample was

loaded in 30cm3 glass vessel and ball-shaped craft paper ignited with the No.6 detonator

or the fusehead igniter. Al(a)/KClO3 couldn't be ignited enough with the fusehead igniter

as same as the results of the 24cc closed vessel tests [Ref.4, 5].

It was found that the difference of material of the sample vessels had less

influence on the TNT equivalence when the sample was ignited with the No. 6 detonator.

On the other hand it had a large influence on the TNT equivalence when the sample was

ignited with the fusehead igniter. Since the glass vessel was easier to destroy and the
reaction needs longer time to propagate to the whole sample when the sample was

ignited with the fusehead igniter than the No.6 detonator, the glass vessel might be

destroyed before the reaction propagate to the whole sample when the sample was

ignited with the fusehead igniter. It was found that the explosion strength of Al/KClO^

firework compositions was influenced by the container material and the energy supplied

to the sample at ignition.

4.3 Influences of aluminum content and the particle shape of aluminum on

the TNT equivalence obtained by ballistic mortar test

Fig. 5 shows the influence of the particle shape of aluminum on the TNT

equivalence obtained by the ballistic mortar test of A1/KC1O3 compositions as a

function of aluminum content. Although the reactivity of Al(a)/KClO3 was lower than
that of Al(f)/KClO3, TNT equivalence of both Al(f)/KClO3 (O in figure) and

Al(a)/KClO3 (A in figure) compositions showed a maximum value at 20~-'30wt.%1 i.e.

zero oxygen balance conditions and the TNT equivalence was estimated as 85%.

Because the volume of the inside of mortar is small and the amount of the volume is
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kept for a while till the shell begins to move for launch, the inside of mortar is supposed

to show high pressure and temperature caused by ignition of the detonator. Then almost

of the aluminum particles might be oxidized easily by the oxygen produced by the

decomposition of KC1O3 in the sample.

TNT equivalence obtained by the ballistic mortar test has been considered as

the values showed the static explosion strength caused by the expansion of explosion

gas products. But The correlation between the TNT equivalence of AI/KClOs

compositions obtained by the ballistic mortar test and the bubble energies of the

underwater explosion test of A1/KC1O3 compositions [Ref.2] was not found although

there is a good correlation between the TNT equivalent of high explosives (Fig. 6). That

may be because Al/KClO^ compositions produce condensable gas products like KC1 or

Al and unstable gas products like A1O, A12O when they explode [Ref.4, 5] and the

amount of those gases are largely influenced by atmospheric pressure and temperature.

4.4 Influence of the energy supplied to the sample at ignition on the TNT

equivalence obtained by ballistic mortar test
Fig. 7 shows TNT equivalence obtained by the ballistic mortar test when the

samples was ignited with several type of detonator which have different PETN

equivalence of explosion strength. It was found that TNT equivalence of both

AI(f)/KClO3 of 30wt.% of aluminum and Al(a)/KClO3 of 30wt% of aluminum was

little influenced by the energy supplied to samples with the range of 0.18^0.60g of

PETN in detonator.

5. CONCLUSIONS

Explosion strength of A1/K.C1O3 firework compositions were evaluated with air

blast measurement and Mk III d ballistic mortar test, and following conclusions can be

drawn.

(1) From the air blast measurement, TNT equivalence of Al(f)/KClO 3 showed a

maximum value at 20wt.% of aluminum content and the TNT equivalence was

estimated as 60%.

(2) From the ballistic mortar test, TNT equivalence of both AI(f)/KClO 3 and

Al(a)/KC10;, showed a maximum value at 30wt.% of aluminum content and the

TNT equivalence was estimated as 85%

(3) The TNT equivalence of these compositions obtained by the air blast measurement

was strongly influenced by the particle shape of aluminum and the sample

vessel used for the experiment.
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(4) The energy supplied to sample at ignition from No. 1 to No.6 detonator had a small

influence on the TNT equivalence of these compositions obtained by the

ballistic mortar test.

(5) The TNT equivalence obtained by the blast measurement of A1/KC1O 3

compositions showed a good agreement with the shock energies of the

underwater explosion test of Al/KClO^ compositions.

(6) The correlation between the TNT equivalence obtained by the ballistic mortar test of

Al/KClOs compositions and the bubble energies of the underwater explosion

test of Al/KClO^ compositions was not found.
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Table 1 Materials used in this study

Materials

Al(f)

Al(a)
KCIO3

Shape

flake

atomized

powdery

Purity
[wt.%1
>99.3

>99.8

>99

Grade
[meshl

#325pass : 93.5%

#325pass:93.1%

Ave. particle
diameter lu.m]

30

20

70

specific surface
area Lm2/g I

3.55

0.71

0.27

Table 2 Samples used in this study

Oxidizer

icnrh

Aluminum

AI(f)

Al(a)

Aluminum content [wt.%]

0,10,20,25,30,40,50,60

0, 10,20,25,30,40,50,60,70

Table 3 Influence of the sample vessels on TNT equivalence
obtained by blast measurement

Sample

AI(f)/KClQj

= 25/75wt.%

AI(a)/KClO,
= 25/75wt.%

Sample vessel

30ml glass vessel

Spherical

craft paper

30ml glass vessel

Spherical

craft paper

Ignition device

No.6 detonator

fusehead igniter

No.6 detonator

fusehead igniter

No.6 detonator
fusehead igniter

No.6 detonator

fusehead igniter

TNT equivalence

[%]
48.4

4.7

45.8

55.5

31.9
not ignited

26.8

not ignited



Charge
Pressure gage

Rectification plate

16.02m

Fig. 1 Experimental setup of air blast measurment

Shell (1.5kg)

-'Wire

Sample vessel
(10ml glass vessel)

Mortar

Record pen

Chart paper

Ignition device

Fig.2 Schematic drawing of Mkllld ballistic mortar test apparatus
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Fig.5 Influence of particle shape of aluminum on
TNT equivalence of Al/KClOs compositions
obtained by the Mkllld ballistic mortar test
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A Study on Reactions of Pyrotechnic Raw Materials
and Compositions with Water

Kenji AOK1, Weixin GU, Fang LI, Mamoru ITOH, Mitsuru ARAI and Masamitsu

TAMURA

Department of Chemical System Engineering, School of Engineering,

The University of Tokyo

We studied the exothermic behaviour of the reactions of fireworks compositions and

their raw materials with water using SC-DSC to investigate the ignition and explosion

hazards resulting from their reaction with water during storage. We also examined the

retardation effects of H3BO3 and KzCnO? on the exothermic reactions. Our results

demonstrated that aluminum, magnesium and zinc powder and fireworks compositions

containing these metal powders reacted with water to induce an exothermic reaction. The

additional effects of H3BO3 and K2CrzO7 arc complicated and suggest not only a

retardation effect on the reaction of fireworks with water but also their own reactions with

fireworks compositions.

1. INTRODUCTION
Fireworks compositions consist of oxidizers and fuels. They present

energetic hazards during manufacturing, storage, transportation, and use
due to these properties. It is important to understand these energetic
properties and to treat them appropriately to prevent accidental ignition and

explosions. Problems concerning the ignition hazards of fireworks

compositions and their raw materials due to their reactions with water

during storage have recently arisen.

For this report, we used SC-DSC to study the exothermic behaviour of
fireworks compositions and their raw materials and the hazards resulting
from their reactions with water. We also examine the retardation effects of
FbBOs and KzCrzO? on the exothermic reactions.

2. EXPERIMENT
2.1 Sample

- 37 -



Raw materials

Aluminium P3000

Table 1 shows the fireworks raw

materials used for the experiment. We

used ten kinds of fuels(four kinds of
aluminum, two kinds of magnalium, Aluminium PSQ(fine)

, . ,_ .. , . Alminium P50 (coarse)
zinc powder, magnesium (Danchi-

Table 1 Raw materials for fireworks

Aluminium PI20

Magnesium-iliac)
CO., Ltd.) and tWO kinds Of Magnesium (medium)

titanium(Gunmakako Co., Ltd.)) and dgneaum\I—
Zinc

two kinds of oxidizers (KNOs and Titanium (fine)

Ba(NO3)2 (Tokyokasei Co., Ltd.))- Titanium(mcdium)

Particle si/.c(mcsh)

>125
50-80

30-50

>90
50-90

Eight kinds of fireworks compositions were used(TENMETSUZAI,

HATSUONZAI, RAIYAKU, TAKIZAI, etc.). Table 2 shows these compositions.
H3BO3 and K2Cr2O? (Daiichiyakuhin Co., Ltd.) coating agents were used.

The aluminum, magnalium, zinc powder and fireworks compositions were

submitted by Marutamayaokatsu Fireworks Co., Ltd.
Table 2 Fireworks compositions (wl.ralio)

^"""••x^Fireworks
Composition^*^^^

Potassium nitrate
Ammonium
perch lorate

Potassium pcrchloraie

Strontium carbonate

Cupric oxide

Charcoal

Phenol resin

Chlorinated rubber

Boiled linseed oil
Magnalium

Potassium dichromate

Rice starch

Sulfur

Diantimony trisulfide

Magnesium

Aluminium

Titanium

Strontium sulfate

Barium nitrate

Boric acid

Murasaki

100
12

10
3.5
15
20
5
10

2.5
8

Kohro

100

30

75
90

200
(P3000)

5

410
15

Titannishiki

10

9.8

1.2
2.4

5

Dcnkohraiyaki

10

2

3.3
(P3000)

1

Kaiyaku

10

2

2.2
(P3000)

2.2

(iinran

10

0.5

0.5

2

7
(P120)
0.33

fP30()0)

2

Hen it en met su

10

1

6

4

(iintaki

2.5

10

0.7

0.25
3

0.25

3
(P120)

K
(P50)

1.25
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2.2 Apparatus
SC-DSC experiments were carried out using a METTLER (TA4000/DSC20

MODEL). The experiments were conducted at temperatures in the range of
600°C. The samples were heated at min"1 atmosphere flowing at 4()ml min"1

3. RESULTS AND DISCUSSION

3.1 The Reaction of the Metal Fuels with Water
Metal fuels used for fireworks have the potential to react with water. We

conducted SC-DSC experiments using metal fuels containing 0-l()wt.%
water. These experimental results are shown in Figs. 1 (a, b) and 2(a, b). Of
the metal fuels, only magnesium (#80) had an exothermal peak at 384°C,
and the calorific value (QDSC) was 0.04kJ/g. The other metal fuels
(aluminum, magnalium, titanium and zinc powder) did not have marked
exothermic peaks. Magnesium could be oxidized when heated.

<*uu
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0 20°-
co
Q
I —

100-

oH
c

D

o 0 d o a
A

i i i i
2.5 5 7.5 10 12
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Fig.1(a) Relationship between TDSC
and water content in the reaction of
raw materials with water
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Fig.1(b) Relationship between QDSC
and water content in the reaction of
raw materials with water
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Fig.2(a) Relationship between TDSC Fig.2(b) Relationship between QDSC
and water content in the reaction of and water content in the reaction of

raw materials with water raw materials with water
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Aluminum with water
Four kinds of aluminum with water had exothermal peaks at 1()()-17()°C.

The onset temperature (TDSC) decreased and the QDSC increased as the
particle size became smaller.

Magnalium with _water
Magnalium with water had an exothermal peak at 160-180°C. The TDSC

decreased and the QDSC increased as the particle size became smaller, as
with the reaction of aluminum.

Magnesium with water
For magnesium (#80) only, the TDSC was 384°C; however, another

exothermal peak appeared at 13()-14()°C when water was added. As the

water content increased, the total QDSC also increased.

Zinc powder with water
A small exothermal peak was observed at 180-2IO°C. The TDSC was

higher and the QDSC lower than those of magnesium and aluminum.

Titanium with water
There was no exothermal peak. Titanium has low reactivity with water

under these conditions.

These results indicate that aluminum, magnesium, magnalium and zinc
powder would react exothermally with water with the following chemical

reactions:

Mg+2H2O Mg(OH)2+H2
2A1+6H2O 2A1(OH)3+3H2
Zn+2H2O Zn(OH)2+H2

The TDSCs were constant regardless of the water content; the TDSC would

not be effected by water content under these conditions. In contrast, the

particle size affected the reaction of the metal fuels with water; smaller
particles react more readily with water. The TDSCs of the metal powders
were in following order:

Al(P3000)<Mg<Al(except P3000)<magnalium<zinc powder
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A1(P3000) demonstrated the highest reactivity with water, zinc powder
the lowest. The QDSC increased as the water content increased. The smaller
the particle size, the larger the degree of QDSC within the same kind of
metal. The QDSCs of the metals were in the following order:

Al(P3000)=Mg>Al=magnalium>zinc powder
Large amounts of metal powder are stored under adiabatic conditions.

The TDSC in adiabatic conditions is 50 -100°C degrees lower than that of
SC-DSC. Therefore, aluminum, magnesium, and magnalium may possibly

ignite due to their reactions with water during storage at room temperature.

3.2 The Reaction of Fireworks Compositions with Water

The TDSC did not decrease; however, the QDSC increased. Al in
RAIYAKU would react with water.
DENKOHRAIYAKU with water

The TDSC decreased and the QDSC tended to increase. Al in
DENKOHRAIYAKU would react with water.
KQHRO__with water

The TDSC decreased and the QDSC increased. Al in KOHRO would react
with water.
BENITENMETSU with water

The TDSC did not decrease; however, the QDSC increased markedly.

Magnesium, the composition element of BENITENMETSU, would violently
react exothermally with water.
MURASAKI with water

The TDSC did not change, regardless of the presence of
However, the QDSC increased.
GINRANwhh water

The TDSC did not decrease, however, the QDSC increased markedly. Al
in GINRAN would violently react exothermally with water.
GINTAKl with water

The TDSC decreased, and the QDSC increased markedly. Al in GINTAKl
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Table 3 DSC data on the reaction of fireworks compositions with water in the presenccor absence of coaling agents

Sample

Raiyaku

Denkohraiyaku

Kohro
(In the presence of HsBOs)

Kohro
(In the absence of Hi BO3 )

Bcnitenmetsu

Murasaki
(In the presence of foCnO?)

Murasaki
(In the absence of KzCnO?)

Murasaki
(In the presence of magnesium)

Ginran

Gintaki

Titannishiki

H2O
(wl%)

_

2.7
3.8
2.1
6.5

_

4.5
3.0

5.3
5.7
7.9

_

5.4

-

6.1
17.1

-
4.3
7.1
4.7

_

4.3

_

5.2
-

5.8
3.8

6.0
.

5.4
5.5
3.0

_

4.6

4.1

3.9
.

3.9
4.8
5.3

H3BO3
(wt%)

-
_

3.8
_

_

_

.

8.3

3.5
_

-
_

1.6

-

_

-
_
_

36.7
-
_

-

_

-

-
_

31.2
-

_

-

32.3
-
_
_

30.1
-
_
_

25.6
-

K2CnO7
(wt%)

-
_

_

4.2
12.9

_
_
_

6.6

4.0

1.6

-

-

_

20.5
_
_
_

41.9

2.5

2.5
_

-
-
_
_

26.7
_
-
_

22.6
_
_

_

27.1
_

-

_

27.1

Trxsc:
ro
344

364
380

373

360

524
501

473

492
490
496

486

413

442

368

446

334
362

293

330

308

312

300

308

311
319

263

317

477

474

200

494

453

422

426
425

305

287

163
265

Qosr
(kJ/g)
1.02

1.44
1.29

4.42

5.28

>0.41

>0.49
>0.45

0.48
>0.38
>0.23

1.22

1.89

0.94

2.84

0.58

2.86
4.79

4.17
4.38

4.11

4.75

3.97

4.82

4.28
4.58

3.42

3.22

1.01

2.10

2.13
1.91

2.03

4.72

1.86
2.85

1.50

1.64

1.23

1.42

> rap proximate value
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would react exothermally with water.

CHITANNISHIKT with water

The TDSC and QDSC changed minimally. CHITANNISHIKI would react
exothermally with water; however, to a small degree.

Table 4 DSC data on the reaction of oxidizers-Al compositions with water in the presence or
absence of coating agents

Oxidizcrs

Ba(NO3 )z

KNO3

H2O
fwl%)

-

_

15.4

6.5

8.0

-

-

20.9

9.5

10.0

Al
(wt%)

-

49.4

28.2

20.1

15.2

-

30.3

16.0

11.4

33.3

H3B03
(wt%)

-

-

-

22.9

-

-

-

-

10.1

-

K.2CT2Q7

(wt%)

-

-

-

-

14.3

-

-

-

-

9.3

Tnsr
< ° C )

-

540

98

-

-

-

520

138

-

482

Q)sc
(kJ/a)

-

not calc.

0.89

-

-

-

not ealc.

1.90

-

1.40

(not calc. : Qnsc: is not calculated due to peak over 600" C)

Table 4 indicates that oxidizers like KNCb and Ba(NO3)2 did not have

exothermal peaks; however, these oxidizers-Al compositions had

exothermal peaks above 5()0°C. When water was added to these

compositions, the TDSC decreased and the QDSC increased. We concluded

that the presence of Al in these compositions caused the marked exothermal
peak following the addition of water. These results indicate that adding

water to some fireworks compositions causes exothermal peaks. This

phenomena depends on the kind of metal in the fireworks compound.

3.3 The Additional Effects of Coating Agents
H3BO3 and K2Cr2Ov retarded the chemical reaction of fireworks

compositions and their raw materials with water.

1) Additional effects of coating agents on the reaction of fireworks raw

materials with water.

The experimental results are shown in Table 5. The coating agents FfcBO3
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and K2CrzO? didn't react with aluminum, and they retarded the reaction of

aluminum with water. The retardation effect of K2Cr2O? was particularly
remarkable in that the exothermal peak disappeared. Magnesium was

oxidized at 384°C, and the QDSC was ().()4kJ/g. The mixture of H3BO3 and
magnesium didn't react. In contrast, magnesium reacted with K2Cr2Ov
exothermally at high temperatures. An exothermal reaction was induced
when H3BO3 was added to magnesium with water; it was induced minimally
when KzCrzO? was added.

Table 5 DSC data on the reaction of raw materials with water in the presence or absence of
coaling agents

Raw materials

Aluminium
(P50 fine)

Magnesium
(#80)

mo
(wt%)

-
-
-

4.6

6.9

8.3

-

-

-

4.7

4.8

5.8

HsBO3
(wt%)

-

22.5

-

-

27.3

-

-

9.3

-

-

19.9

-

K2CT2O7

(wt%)
-

-

19.3

-

-

13.2

-

-

17.8

-

-

11.1

TDSC
ro

-
-
-

166

502

-

384

-

515

143

127

133

QDSC

flU/fi)

-

-

-

0.21

0.05

-

0.04

-

0.29

0.43

0.79

0.47

2) The reaction of fireworks compositions with water in the presence of
coating agents.

When H3BO3 was added to RAIYAKU with water, the TDSC increased and

the QDSC decreased. RiBOs has a retarding effect. However, when

K2Cr2O7 was added, the TDSC was not effected and the QDSC increased

markedly. The presence of K2Cr2O? may induce an exothermal reaction.
When H3BO3 or KzCrzO? was added to DENKOHRAIYAKU with water,

the TDSC changed minimally and the QDSC decreased a little. H3BO3 and
K.2Cr2O7 have a small retarding effect.

When H3BO3 was added to KOHRO with water, the TDSC increased and
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the QDSC decreased. H3BO3 has a retarding effect. When K2Cr2Ov was
added, the TDSC increased and the QDSC decreased markedly. KzCrzOv has

a marked retardation effect.
When H3BO3 or K2Cr2O? was added to BENITENMETSU with water, the

TDSC decreased and the QDSC decreased. HsBOs and KzCrzO? have an

inducing effect.
When H3BO3 or K2Cr2O7 was added to MURASAKI (containing

magnalium) with water, the QDSC decreased. They have additional effects,
When H3BO3 was added to GINRAN with water, the QDSC was not

changed, however the TDSC decreased markedly. HsBOs has an inducing
effect. The TDSC and QDSC were little effected by fcCrzOv. KzCrzO?

doesn't have any additional effect.
When H3BO3 was added to GINTAKI with water, the TDSC was not

changed, however the QDSC decreased markedly. H3BO3 has a marked

retardation effect.
When KzCrzOv was added, the TDSC was not effected and the QDSC

decreased. KzCrzOv also has a retarding effect.
When H3BO3 was added to CHITANNISHIKI with water, the TDSC

decreased and the QDSC decreased a little. H3BO3 has an inducing effect.
When K2CrzO7 was added, the TDSC decreased. KzCrzOv has an inducing

effect to some degree.

We examined the effect of coating agents on exothermic reactions using a

mixture of aluminum, which has high reactivity, with water and oxidizers

(KNO3 and Ba(NO3)z). The results are shown in Table 4. When HsBO? or
KzCrzO? was added to them, the exothermic reactions were markedly
retarded. The same effects were observed with the reaction of aluminum

with water. Hence, coating agents retard the reaction of aluminum with
water. The additional effects of HsBOs and fcCrzO? differed. HsBCta
markedly retarded the reaction of GINTAKI with water, although it induced

the reaction of GINRAN with water. While KzCrzO? retarded the reaction of
KOHRO, GINTAKI and MURASAKI, it induced that of RAIYAKU.
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4. CONCLUSION
(1) Aluminum, magnesium, magnalium and zinc powder react with water.
The degree increases with an increase in water content.
(2) The reactivity with water increased as the metal particle size decreased.
(3) Fireworks compositions containing highly reactive metals such as
aluminum and magnesium could react exothermally with water.
(4) The coating agents PbBOs or KzCrzO? have a retarding effect on
fireworks compositions containing aluminum; however, they have an
inducing effect on fireworks compositions containing magnesium.
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ABSTRACT

Regarding the rcsi.sl.or oi' the electrical explosive device, a new type resistor,

different from the usual bridge wire type was produced. The technique of printed
circuit was applied to (he new type resistor. The resistor was printed on the
ceramic plate and glazed in the oven. The value of resistance was precisely

controlled by the technology of the laser beam tr imming.
As a result, the standard deviation of the resistor was 80% of the usual bridge wire

type. The resistance value can be controlled by laser t r imming pattern on the
printed film resistor.

In case that the heat isolated layer is placed between the ceramic plate and the
printed film resistor, the init iat ing sensitivity is varied by the thickness of the heat
isolated layer, keeping the resistor in the same resistance value.

The electrical explosive device by the new type resistor has a necessary
simultaneous ignitability which is requested te the pyrotechnic devices for the space

rocket.

1. Introduction
Corresponding to the great demand and the cost, reduction request in the field of
automotive safety, a new explosive device applied the production technique of

printed circuit was developed. The new device has made possible to reduce the cost

and realize high reliability comparing to the conventional.

For the conventional heat resistor of electrical explosive device, the Nickel/

Chromium or Platinum/ I r i d ium alloy etc. bridge wire are commonly used.
The conventional device has a possibility of resistance variance due to

non-uniformity of the bridge wire and the state of welding or soldering of bridge
wire to the pin. To reduce the variance, the production technology of ceramic circuit
is applied to electrical explosive device.

2. Experimental condition

2.1 Test Sample
The sample was prepared by the following steps.
( l ) The body was made by molding of the plas t ic resin with metal pins.
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(2) The molded body was combined with a ceramic chip which has the printed

Him bridge.
(3) Ignition charge ( lead styphnate / potassium perchlorate) was loaded on the

ceramic chip, (see Fig. 1)
Structure of ceramic chip is shown in Fig. 2.
The electrode, the heat isolated layer and the printed film resistor were put on

ceramic base.
The resistance of prinled f i lm resistor was controlled by laser trimming,

ceramic chip

ignition charge

metal pin

molded body

hea t isolated layer

p r i n t e d f i l m
resistor

ceramic base

laser t r i m m i n g

electrode

Fig. 1 Test sample Fig. 2 Structure of ceramic chip

2.2 Distribution range of resistance
100 pieces of test sample which nominal resistance was 2.0 ohm were prepared
and checked.

The resistance and its distribution were shown in Fig. 3.

J 2 . 1 0
o

£ 2 . 0 0
OT

~ 1 .90
O)

1 on

I
.

i

i

i

>

i
* A v e .

» M a x .

A M i n . i

,

B r i d g e w i r e r e s i s t o r

Fig. 3 Distribution of resistance

The printed film resistor has considerably less resistance distribution comparing
to the conventional bridge wire resistance.
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2.3 All- Fire and No- Fire current

(1) Relation belween resistance and All- Fire/ No- Fire current,

3ms Al l - Fire current and lO.sec No- Fire current were calculated from the result

of sensitivity test. The sensitivity test was carried out under the following

resistance w i t h 15 pieces of sample each.

© 0.8 ohm

© 1.1 ohm

(3) 1.5 ohm

(4) 2.0 ohm

The sensitivity was calculated from the lest result using the Ranglie method.

(2) Relation between thickness of heat isolated layer and All- Fire/ No- Fire

current

The heat, isolated layer was put under the printed film resistor, for the prevention

of the heat energy loss from the printed film resistor.

Three different thickness of the heat isolated layers wore prepared; 0 fJ. m,
30 JLL m, 4f> U m thickness.

These samples were tested and 3ms All-Fire and lOsee No-Fire current were
calculated by Ranglie method.

'2A Simultaneous igit inn

The test of simultaneous ignition was done with three different kinds of

resistance samples; 0.8 ohm, 1.1 ohm, l . f i o h r n .

SMI PL E

POWER
SOURCE

Fig. \d of simultaneous ignition test

The test method is shown in Fig. 4.
The resistance devices were joined in series and the current, was supplied which

1.5 times of 3ms All-Fire current each resistance devices.
The relation between resistor excitation t ime and resistor break down t ime was
checked under the condil ion requested from Space Rocket; the electrical explosive
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device of resistance value 0.8 ohm. Resistor exc i t a t ion t.ime was obtained by

kanglie method, in the cases of fixed each e lec t r ic current. 3.0 amp., 5.0 ;unp. and

7.0 ami) .

The resistor break down t i m e was measured by func t ion test at electric current,

.'i.O amp., 5.0 amp. and 7.0 amp.

3. Results and Discussion

:l.l Al l - Fire / No- Fin; cur ren t

The relation between resistance and sens i t iv i ty of the electrical explosive device

is shown in Fig. 5. Ignition s e n s i t i v i t y of printed f i lm resistor device (3ms

Al l -F i re cu r ren t and lOsec No- Fire c u r r e n t ) changes by the resistance, l ike the

bridge wire type device.

Fig. G shows the re la t ion between thickness of heat isolated layer and ignition

sensitivity of p r i n t e d f i lm resistor device.

The result shows t h a t the ign i t ion sens i t iv i ty of the device w i t h pr inted film

resistor is able to be controlled by I he thickness of heat isolated layer w i t h o u t

changing resistance value.

It is considered tha t the heat energy occurred at printed fi lm resistor, was

disturbed to move lit ceramic base by the heat isolated layer.

o

4 .0

3.0

2 . 0

1.0

0 . 0

9 9 . 9 9 9 9 % ( 9 5 % C L )
! I

A A l l - F i r e cur rent
!
' • N o - F i r e c u r r e n t

.5 1 1.5
R e s i s t a n c e { o h m

2 . 5

Fig. 5 3ms All-Fire and lOsw No-Fire cu r r en t and Resistance



9 9 . 9 9 9 9 % ( 9 5 % C L )

AlhFire current

No-Fire current

o

0 20 40 60
T h i c k n e s s o f I I e a t i s o l a t e d l a y e r ( n m )

Kig. ( > :ims Al l -F i re and lOsee No-Fire current and

Thickness of heat isolated layer

;{.2 Simultaneous igni t ion

Ten pieces of the sample devices joined in series were ignited s imul taneously .

This result shows that the device w i t h printed f i lm resistor has enough

performance in the s imul taneous i g n i t i o n .

Resistance exci ta t ion t i m e and resistor break down l i m e at each current , ;J amp.
5 amp. and 7 amp. are shown in Table 1.

Confidence l i m i t s of s imul taneous ign i t ion were calculated by the following

formula.

The result, of calculat ion is shown in Table 2.

According to the resul t , the device w i t h printed f i lm resistor has a 100 %

function in high r e l i a b i l i t y , when more t han 5 amp. current, was given to the

device.

u - (u. . • - / / . ) / (a *- +cr ,-) '" (1)
u :deviation

jit i :average of resister e x c i t a t i o n time

p. -i :average of f i r ing t ime

C i :s tandard devia t ion of resistor exc i ta t ion t i m e

a a standard dev ia t ion of resistor break down t ime

It - 1 - Q ( u ) ( 2 )
K : confidence l i m i t s

Q ( u ) : n o r m a l d i s t r i b u t i o n upside l imi t



Table 1 Resistor e x c i t a t i o n t i m e and break down t i m e

current

(A)

3

5

7

resisler excitat ion

time (ms)

average

( / / . )
2.233

0.52G

0.230

std.dev.

( c r , )

0.073

o.or>()
0.012

break down l i m e

(ms)

average

( x / a )
2.M2

1.H2

0.<;98

ytd .dev.

( c r , )

0.328

0.128

0.0'J 1

Table 2 Confidence l i m i t s

current

(A)

3

5

7

deviation

( u )

0.89

4.40
r>.oy

normal dis t r ibut ion

upside l imi t

Q ( u )

0.1 HG7

0.000

0.000

confidence

l i m i t s

00
0.8133

1.000

1.000

4. Conclusions

The electrical explosive device w i t h printed f i lm resistor has distinctive

ignition characteristics. Tim sensitivity can be adjusted by the thickness of heat

isolated layer, without change of the resistance.

Different resistance resistor is easily obtained and each resistance is precisely

controlled by the pr inted film and its t r imming.

The printed circuit production technology application to explosive device has

made a great, possibility U> reduce the device cost comparing U> the conventional.
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Some properties of triazoles and their compositions
-as candidates for new gas generating agent of the air bag system-

Mitsuru Arai, Takazumi Tsukahara, Yuki Ueda, Koya Ichikawa, and Masamitsu

Tamura

Department of Chemical System Engineering, School of Engineering,

The University of Tokyo

In order to obtain some information on the applicability of triazoles to the gas

generating agent for the air bag system, various sensitivities of triazoles and their

compositions with oxidizers and deflagration properties of the compositions were

investigated by using SC-DSC (sealed cell differential scanning calorimeter), impact,

friction, and electric spark ignition sensitivity tests, and the small scale deflagration test.

1. INTRODUCTION
Air bag systems are well known to be a useful tool for protecting drivers and

passengers in the car crash accidents. Sodium azide is now chiefly used as a base

material for the gas-generating agents of air-bag systems. However, as sodium azide

has not only strong toxicily but also possibility for the formation of explosive materials

from its reaction with heavy metals, many researches have been carried out to find out

new gas-generating agents.

Recently tetrazolcs are well known lo be a promLssing alternatives to sodium azide for

the gas generating agent Because of the structural resemblance, it seems that tria/oles

could be good candidates of the new gas generating agents, loo. In order to obtain

some information on the applicability of triazoles to the gas generating agents, various

sensitivities of triazoles and triazole-oxidizer compositions, and deflagration properties

of the compositions have been examined.

2. EXPERIMENTAL

2.1. Materials

2.1.1 Triazoles and their compositions

Triazoles used in this work are shown in Fig 1. 1HTZ, UZ, and 4HU were purchased

from Tokyo Kasei Co., Ltd., 3ATZ and 4ATZ were purchased from Wako Pure

Chemical Industries Co., Ltd., IHTZ-Na and 11CBT were purchased from Fluka, and

IMCAT, 1BMCAT, 1MOAT, UDT, and ODT were supplied from Ubc Co., Ltd.

These triazoles were used without further purification. KNO3 and KC1O were
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purchased from Wako Pure Chemical Industries Co., Ltd. and were used without

further purification.

f

H
1HTZ

1 ,2,4-Triazole

H- /N\

N~\2

3ATZ

3-Amino-1,2,4-Tri azoic

Na

/
s~\2N H

4ATZ

4- Amino- 1 ,2,4-Tri a/ole

H- /N\

H

IHTZ-Na

1,2,4-Triazolylsodium

.

H«

\

H IMC AT

1 -Methoxycarbonylamino
-1,2,3-tri a/ole

H3C(XKX XCOOCH

\
C N

H
1BMCAT

1-Bis-mcthoxycarhonylamino
-l,2,3-tria7,ole

Fig. 1 Triazoles used in this work
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..COCOOCH

C N

H
MOAT

1 -Mcthoxarylamino
-1,2,3-tri azoic

H

\•—N N «

H H

UDT

1,1 '-Urein-di-1,2,3-Triazolc

N N

/
iix. .xrNv
\ \ \

H
ODT

1,1 '-Oxamilcnc-di-1,2,3-Tria/oIc

.N
X\

H O

uz

Ura/olc

H- \ \H
N C C N

H H

1ICBT

1,1-Carhoxyl-di-1,2,3-Tria/olc

O- r
HO O

4-HU

4-Hydroxy Ura/.ole

Fig. 1 Tria/,olcs used in this work (continued)

55 -



Tria/.ole-oxidizer compositions for the small scale deflagration test were prepared by

mixing a well milled tria/ole and oxidi/cr carefully with brush and pressing into 0.25 g

of cylindrical shaped pellet Tria/olc-oxidi/jcr powder compositions for sensitivity tests

were prepared by mixing a well milled triazole and oxidizer in the agate motor under

wet condition with acetone and were used after dried in the oven al 55 'C, 3 hours.

Tria/ole-oxidizer compositions used in this work are shown in Table I.

Triazole/oxidizer ratio of each composition was determined to be /cro oxygen balance.

Table I. Triazole-oxidizer compositions

Tria/.oles Oxidi/crs
KNO3 KC1O4

Tria/.ole/Oxidi/cr ratio Tria/olc/Oxidi/cr ratio
(wt%/wt%) (wt%/wt%)

1HTZ
3ATZ
4ATZ
IHTZ-Na
1MCAT
1BMCAT
1MOAT
UDT
ODT
11CBD
4-HU
UZ

23.7/76.3
32.0/68.0
32.0/68.0
36.3/63.7
28.0/72.0
29.2/70.8
29.6/70.4
28.5/71.5
29.7/70.3
29.5/70.5
52.7/46.3
41.7/58.3

26.6/73.4
35.4/64.6
35.4/64.6
40.0/60.0
31.3/68.7
32.5/67.5
32.9/67.1
31.8/68.2
33.0/67.0
32.8/67.2
68.4/31.6
45.5/54.5

2.1.2 Igniting materials
Pb3CM and Si of reagent grade were purchased from Wako Pure Chemicals Industries,

Ltd.. An igniting composition was prepared by mixing a well crashed Ph3O4 (70 wt %)

and Si (30 wt.%) carefully with a brush.

2.2. Test apparatus and procedure

2.2.1 Sealed Cell Deferential Scanning Calorimetry (SC-DSC)
SC-DSC measurements were performed by Mctllcr TA4000/DSC20 using a 25 ml

stainless steel sealed cell (Nippon Kayaku Co. Ltd.) with 1 mg of sample and an empty

sealed cell as a reference under the condition of 10 K/min heating rate and 40 ml/min

nitrogen gas flow rate. The thermal decomposition temperature (Tnsc) was defined as

an onset temperature of exothermic peak and the heat of decomposition (Qosc) was

defined as an integration of the area surrounded by the exothermic peak and the base

line. Both values were obtained using TA processor TC11 with DSC curve analy/ing
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software by Mctller. For the sample with more than one exothermic peak, the lowest

thermal decomposition temperature and the sum of heats of decomposition were shown

in this work.

2.2.2 Impact sensitivity test

5kg drop hammer test which is described in JIS (Japanese Industrial Standard10)

K4810 was used to determine the impact sensitivity with 0.1-0.2 ml of sample. Impact

sensitivity of tria/oles was classified into 8 grades by their 1/6 explosion height

according to the Japan Explosives Society standard which is shown in Table II.

Table II. Impact sensitivity by the 5kg drop hammer test

(Japan Explosives Society standard)

Impact
sensitivity

(Grade)

1
2
3
4

1/6 explosion
height
(cm)

-5
5-10

10-15
15-20

Impact
sensitivity

(Grade)

5
6
7
8

1/6 explosion
height

(cm)

20-30
30-40
40-50
50-

2.2.3 Friction sensitivity test

BAM friction test which is also described in JIS K4810 was used to determine the

friction sensitivity with 0.01 ml of sample. Friction sensitivity of triazolcs was

classified into 7 grades by their 1/6 explosion force according to the Japan Explosives

Society standard which is shown in Table III.

Table III. Friction sensitivity by the BAM friction test
(Japan Explosives Society standard)

Friction
sensitivity

(Grade)

1
2
3
4

1/6 explosion
force
(N)

-9.8
9.8-19.6

19.6-39.2
39.2-78.5

Friction
sensitivity

(Grade)

5
6
7

1/6 explosion
force
(N)

78.5-156.9
156.9-353.0
353.0-

2.2.4 Electric spark ignition sensitivity test

The electric spark ignition test was used to determine the electric spark ignition
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sensitivity. The apparatus was consist of a high voltage supplier, capacitors, a voltage

meter, a pendulum type switch, and a pair of stainless steel electrodes as shown in Fig.

2.

Pendulum switch

o-

High Voltage
Power Supply

Sample

PTFE tube

Capacitor

Stainless steel
electrodes

Fig. 2 Electric spark ignition sensitivity test apparatus

Sample is introduced in a PTFE tube (O. D. 5mm, I.D. 4mm) which placed between

two electrodes. The gap between two electrodes was 1mm and testing electric spark

energy (J) was determined by the equation (1):

E = h(//2)CV2 (1)

where h is the efficiency, C is the capacity of the capacitor, and V is the charged voltage

which is given to the electrodes. The efficiency h was assumed to be 1 .00 here.

In this study, burst or expansion of the PTFE tube after the test was thought to be the

evidence of ignition. Electric spark ignition sensitivity of tria/x>les was classified into 5

grades by their 1/3 explosion electric spark energy according to the Japan Explosives

Society standard which is shown in Table IV.

Table IV. Electric spark ignition sensitivity

(Japan Explosives Society standard)

Sensitivity
(Grade)

1
2
3

1/3 explosion
energy
(mJ)

-0.45
0.45-4.5

4.5-45

Sensitivity
(Grade)

4
5

1/3 explosion
energy
(mJ)

45-450
450-
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2.2.5 Small Scale Deflagration test
Gas generating behavior oftria/olc-oxidi/er compositions were evaluated by using the

small scale deflagration lest apparatus which was developed by authors'2'1'. The

apparatus consists of a cylindrical vessel (ca. 13 cm3 capacity) made of stainless steel ,

a pair of electrodes for firing, pressure transducer, safety release valve, and a pressure

recording system. The electrodes are equipped with a nickel-chrome wire (0.2 mm

diameter, 80 mm length) as an electric heater to fire an igniting material. The pressure

developed in the vessel by the deflagration of gas-generating compositions is delected

with a transducer and recorded. Both maximum pressure rise (Pmax) and maximum

pressure rise rate ((dP/dt)max) were used to evaluate the deflagration properties of these

compositions. More detail about the apparatus and the procedure arc described in our

previous papers'2'3'.

3. RESULT AND DISCUSSION

3.1. Sensitivities of triazoles
Thermal decomposition temperature (Tixsc), heat of decomposition (Qosc), impact

sensitivity, friction sensitivity, and electric spark ignition sensitivity of tria/oles are

shown in Table V.

Table V. Sensitivities of triazoles

Composition

1HTZ
3ATZ
4ATZ
IHTZ-Na
IMC AT
1 BMC AT
1MOAT
UDT
ODT
11CBD
4-HU
UZ

Tnsc
(°C)

350
289
270
358
193
154
118
109
247
229
254
266

QDSC
(kJ/mol)

44
88

164
105
225
139
527
504
721
75

275
55

Qnsc
(J/g)

635
1050
1949
1150
1582
695

3098
2596
3249
458

2390
556

Impact
(Grade)

8
8
8
8
8
8
7
7
5
8
n.m.
8

Friction
(Grade)

6
6
6
6
7
7
7
7
7
6
n.m.
6

Electric spark
(Grade)

5
4
5
3
5
5
5
5
4
3
n.m.
5

n.m. ! not measured

3.1.1. Thermal sensitivities
Most of 1,2,4-triazoles and ura/oles are thermally stable and their thermal

decomposition temperatures arc higher than 250^, these values are mostly higher than
lH-tctrazolcs(4). On the other hand, most of 1,2,3-tria/oles are less thermally stable and
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their thermal decomposition temperatures are lower than 2CKVC. But there arc two

exceptions. Thermal decomposition temperature of ODT (l,r-Oxamilene-di-1,2,3-

triazole)and 11CBT (l,r-Cartoxyl-di-l,2,4-tria/olc) arc 247<C and 229<C. Although

the thermal decomposition temperature of tria/oles seem to vary with the kind and the

position of suhstituents, clear tendency could not he obtained due to the experiment

with limited number of samples. However, determining factor of the thermal

decomposition temperature of tria/oles seems to be different from that of tctra/olcs

because the effect of sodium in IHTZ-Na on the thermal decomposition temperature is

much smaller than that in IHT-Na (lH-tctra/,ole sodium salt)141.

In the case of tetra/olcs, molar heats of decomposition are proportional to the number

of tetrazole rings in a molecule'4'. However, molar heats of decomposition of these

tria/oles have no relation to the number of tria/ole rings in a molecule. This fact might

indicated that some tria/oles does not decompose completely under these DSC

measurement condition.

3.1.2 Impact and friction sensitivity

Impact sensitivities of all tria/oles arc grade 8 except following 3 kinds of 1,2,3-
triaroles, 1MOAT (grade 7), UDT {grade 7), and ODT (grade 5). However, it could be

said that tria/oles are generally less sensitive against the impact.

Contrary to the result of thermal stability and impact sensitivity, friction sensitivities of

1,2,4-triazolcs and urazolcs arc all grade 6 and are higher than those of 1,2,3-tetrd/oles

which are all 7. However, it also could be said that tria/oles arc generally less sensitive

against the friction.

3.1.3 Electric spark ignition sensit ivity

Electric spark ignition sensitivities of all triazoles arc grade 5 except 3ATZ (grade 4),

IHTZ-Na (grade 3), ODT (grade 4), and 11CBT (grade 3). In the case of tetra/oles,

the electric spark ignition sensitivity of metal salt of ictra/oles is always less sensitive

than that of its precursors, but this general rule can not be applied for triazoles because

IHTZ-Na is more sensitive than 1HTZ.

3.2. Sensitivities of triazole-oxidizer compositions
In the applications of tria/oles as gas generating agents, it is expected to use tria/oles as

compositions with oxidi/er, because flammability of tria/oles arc not high enough and

also some tria/oles may produce toxic chemicals at decomposition.

In this section, sensitivities of tria/olc composition with typical oxidi/ers have been

studied. Thermal decomposition temperature (Tosc), impact, friction, and electric spark
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ignition sensitivity of tria/ole-oxidizer compositions arc shown in Table VI.

Table VI. Sensitivities of triazole-oxidizer compositions

Tria/oles Oxidi/crs
KNO3 KC1O4

Therm. Impact Frict. E. S. Therm. Impact Frict.
(°C) (Grade) (°C) (Grade)

E. S

1HTZ
3ATZ
4ATZ
IHTZ-Na
IMC AT
1 BMC AT
1MOAT
UDT
ODT
11CBD
4-HU
UZ

311
297
271
440
181
185
281
316
241
320
219
223

2
4
4
7
7
5
4
5
2
7
6
8

7
7
7
7
7
7
7
7
7
7
7
7

5
5
5
4
5
5
5
5
5
4
5
5

308
277
273
406
190
419
417
421
247
306
240
237

2
2
3
5
3
2
1
2
1
7
5
2

5
7
7
6
1
2
2
1
1
5
7
6

4
4
5
4
5
5
5
5
5
4
5
5

3.2.1. Thermal sensitivities
DSC curves of these compositions arc complicated because effects of phase transition,

crystal transition, and thermal decomposition of each components and the effect of

reaction between two components are mixed together. The effects of oxidizers on the

thermal decomposition temperature of lria/x>les vary with each letrazoles. Oxidizers

make the thermal decomposition temperature of 1,2,3-triazoles higher or unchanged,

and the thermal decomposition temperature of KC1O-compositions arc higher (in some

cases much higher e.g. 1BMCAT, 1MOAT, UDT) than that of KNO3-compositions.
On the contrary, the thermal decomposition temperature of urazole-oxidi/er

compositions arc lower than those of precursors, but that of KClOt-compositions are

higher than that of KNOi-compositions, too. As for 1,2,4-triazoles, KClOt-

compositions are lower than that of KNO3-compositions except 4ATZ, and oxidi/er

make the thermal decomposition temperature higher, lower, or unchanged.

3.2.2 Impact and friction sensit ivity
Impact sensitivities of almost all tria/olc-oxidizer compositions arc much higher than
those of triazole themselves and the effect of KC1O* is much greater than that of KNO3.

This result seems to indicate that oxidi/ers act as sensiti/ers for impact sensitivity.

On the other hand, KNO3 desensitizes all triazoles in the friction sensitivity while

KC1O* extremely sensiti/es 1,2,3-triazoles. In the friction sensitivity, KNO3 seems to
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act as a dilutcr and KClOt seems to act as a sensitizer.

From the safely point of view, one should he very careful to use 1HTZ-KNO3, ODT-

KNO3, 1HTZ-K.C1O, 3ATZ-KC1O4, and all the l,2,3-triazolc-KClO4 composituions,

because either impact or friction sensitivity of these compounds is grade 2 or higher.

3.2.3 Electric spark ignition sensitivity
Electric spark ignition sensitivilies of almost all triazolcs-oxidizcr compositions are

lower or equal to those of their precursors. Only exception is 1HTZ-KC1O

compositions and its electric spark ignition sensitivity is one grade lower (more

sensitive) than that of 1HTZ itself hut the it's still grade 4.

3.3. Deflagration properties of triazole oxidizer compositions.
As deflagration properties of triu/olc-oxidi/cr compositions, maximum pressure rise

and maximum pressure rise rale al deflagralion of those compositions are shown in

Table VII.

Table VII. Deflagration properties of triazole-oxidizer compositions

Triazoles

1HTZ
3ATZ
4ATZ
IHTZ-Na
1MCAT
1 BMC AT
1MOAT
UDT
ODT
11CBD
4-HU
UZ

Pmax
(MPa)

1.7
n.d.
n.d.
6.3
n.d.
n.d.
n.d.
n.d.
4.2
n.d.
4.9
3.7

KNO3
(dP/dt)max

(MPa/s)

122
n.d.
n.d.

72
n.d.
n.d.
n.d.
n.d.

37
n.d.

18
2.6

Oxidi/crs
KC1O4

Pmax
(MPa)

3.2
n.d.
5.0
7.2
5.2
4.9
7.0
6.1
8.6
7.9
8.5
7.3

(dP/dt)max
(MPa/s)

45
n.d.
147
89
40
35
70
52

170
120
69
40

n.d. ! no deflagration

Many of triazole-KNOs compositions did not deflagrate at all. And both Pmax and

(dP/dt)max of KC1O4 compositions is almost always greater than those of KNCfc

compositions with same tria/olc. Compering to the data from the exsisting gas

generating agent whose Pmax and (dP/dl)max are 5. 1 MPa and 68 MPa/s, IHTZ-Na-

KNO3 composition and many of tria/ole-KClGt compositions seem to he applicable for



gas generating agent from the view point of gas generating ability.

4. CONCLUSION
In order to obtain some information on the applicability of triazoles to the gas

generating agent for the air bag system, thermal decomposition behavior, impac,

friction, and electric spark ignition sensitivity, and deflagration properties of triazoles or

triazole-oxidizercopmpostions were studied and following results were found out.

1) The general order of thermal stability is, 1,2,4-triazoles, urazoles > tetrazoles >

1,2,3-triazoles, except ODT and 11CBT.

2) Determining factor of the thermal decomposition temperature of triazoles seems to

be different from that of tetrazoles.

2) Because some tria/oles might not decompose completely under these DSC

measurement condition, it is difficult to discuss the relation between the heat of

decomposition and the moleculer structure of triazoles.

3) Impact, friction, and electric spark ignition sensitivities of triazoles are relatively

low.

4) KNO3 sensitizes triazoles as compositions in impact sensitivity but not in friction

and electric spark sensitivities, while KCIO sensitizes triazoles as compositions in

all 3 sensitivities.

5) KCIO4 compositions with 1MCAT, 1MOCAT, UDT, or ODT arc not

recommendablc for gas generating agents because of their very sensitive properties

in either impact or friction sensitivitocs.

6) Compering to the data from the exsisting gas generating agent whose Pmax and

(dP/dt)max are 5.1 MPa and 68 MPa/s, lHTZ-Na-KNO3 composition and many of

triazole-KC!O4 compositions seem to be applicable for gas generating agent from

the view point of gas generating ability.
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ABSTRACT

The evaluation of an easy-to-use delivery system for the in-situ
chemical destruction of high explosives in landmines is described. The
delivery system, termed the "Bullet with Chemical Capsule" system, consists
of a gun barrel at the end of which is a plastic bottle containing a liquid
chemical which is hypergolic with the explosive. A bullet is fired through
the bottle and into the mine case, whereupon the liquid follows in the wake
of the bullet and contacts the explosive so that a non-detonative exothermic
autocatalytic complete destruction of the explosive occurs. In most of the
experiments, the hypergolic liquid was diethylenetriamine (BETA).

The objective of the initial experiments was to optimize the perform-
ance of the delivery system with respect to the stand-off height above the
mine and the amount of liquid chemical. Stand-off heights over a range of
25 mm to 1600 mm and DETA quantities of 15 mL to 120 mL were utilized. The
data showed that reliable neutralization of Composition B and TNT in flush-
buried surrogate mines could be achieved at any stand-off height of 400 mm
or less and with as little as 15 mL of DETA. The criteria were the time
delay to initiation of reaction and, of course, the complete neutralization
of the explosive. Typically, the initial response occurred within a few
seconds. Pre-conditioning of the mine and DETA liquid at 0°C exerted a
minor influence on the time delay but absolutely no effect on the ability
of the system to neutralize Composition B and TNT.

An instrumented reaction propagation diagnostic test was conducted,
the objective of which was to observe the temperature rise of the explosive
in advance of the neutralization reaction front. The reaction was initiated
in cast TNT by contact with DETA in a dynamic delivery mode as provided by
the Bullet with Chemical Capsule system. The data confirmed that at a given
position the explosive was heated to a temperature of 120°C or less, until
the reaction front arrived at that position and caused thermal runaway.
The temperature of 120°C was well below the autoignition temperature of TNT.
Thus, the explosive would not be initiated downstream of the neutralization
reaction, and this further implied that transition to detonation was not
likely. The improbability of achieving detonation is one of the principal
desirable attributes of the present delivery system.
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The above and other data in this manuscript suggest that any explosive
containing a nitro-aroraatic ring in its structure can be neutralized by use
of DETA or other aliphatic amines.

INTRODUCTION

At the 27th International Annual Conference of ICT and the Twentieth

International Pyrotechnics Seminar, Tulis et al. (1996) and Heberlein et

al. (1996) respectively discussed the international crisis in the indiscrim-

inate proliferation of landmines, and described novel techniques for the

non-detonative destruction of the explosives typically encountered in land-

mines. These techniques involved the in-situ neutralization of identified

landmines by means of a hypergolic liquid chemical initiation process that

achieved an autocatalytic self-propagating non-detonative destruction of

the explosive. Unique attributes of these systems included ease of use and

inexpensiveness of the demining operation. The hypergolic chemicals that

were effective included amine compounds such as diethylenetriamine and

metal alkyl compounds such as diethylzinc. As a consequence, the alterna-

tive means of neutralization by direct detonation with a demolition charge

such as Composition C4 was precluded, which meant that (1) debris associ-

ated with detonation was not encountered, thus reducing the problem of

clutter in subsequent detection of small landmines, and (2) additional

explosives would not be introduced into politically-sensitive areas.

Tulis et al. and Heberlein et al. discussed two systems for delivery

of the hypergolic chemical into the landmine explosive. The first of these

was referred to as the "Bullet with Chemical Capsule" delivery system,

which utilized as little as 15 raL of diethylenetriamine. The functioning

of the system initiated a highly exothermic autocatalytic complete destruc-

tion of the explosive charge. A more complete description of this delivery

system will be provided later in this manuscript.

The second system was termed the "Cartridge Case Projectile". Here,

a spent cartridge case was adapted as a projectile that housed about 10 inL

of diethylzinc. This projectile was fired in such a manner that it itself

penetrated the mine casing. The cartridge case then ruptured to allow the

hypergol to contact the explosive. In a similar manner, the autocatalytic

complete destruction of the explosive charge occurred.

65 -



Both of these systems were effective against Composition B and TNT,

which constitute the main charge explosives in the majority of landmines

(Patel, 1996).

To date, most of the effort has been directed towards development of

the Bullet with Chemical Capsule delivery system, because its principles of

operation were more straightforward, and thus the system better lended

itself to optimization of the performance. Hence, this manuscript focusses

in on details of the performance and capabilities of this system, in parti-

cular with respect to the time delays to initiation of the neutralization

reactions as a function of deployment modes. Special experiments will also

be discussed, the objectives of which were (1) to confirm or refute obser-

vations from the literature concerning the response of explosives to reac-

tion with amine compounds, and (2) to measure the temperature rise in

advance of the reaction front.

BULLET WITH CHEMICAL CAPSULE DELIVERY SYSTEM

Description of the System

A conceptual drawing of the delivery system is depicted in Figure 1,

and a photograph of the device deployed, for neutralization of a landmine is

presented in Figure 2. The sequence of events in the operation of the

system is offered in Figure 3. The bullet penetrates and releases the

liquid from the capsule (bottle), and then penetrates the mine casing. In

so doing, it creates an appropriate cavity for the liquid to follow in the

wake of the bullet and to contact the explosive. A hypergolic chemical

reaction between the liquid and the explosive ensues. This in turn initi-

ates the neutralization process, which occurs as an exothermic non-detona-

tive autocatalytic complete destruction of the explosive.

The delivery system operation is triggered by firing of an electric

squib, which is housed in the upper end of the tube. The squib produces

gas pressure to drive the hammer, which impacts the firing pin that fires

the cartridge. The capsule itself is housed in a Steel Sleeve/Copper

Reducer Assembly that provides a quick connect/disconnect feature for

connection to the bottom of the tube. Thus, the delivery system is

completely reusable except for the expendable squib, cartridge, and chem-
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Figure 1. Schematic Cross-Sectional Drawing of the Bullet
with Chemical Capsule Delivery System.



Figure 2. Photograph of the Delivery System as deployed for
Neutralization of a Flush-Buried Landmine.

(The arrow points to the landmine, which is
directly beneath the delivery system.)
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ical capsule. After neutralization of a landmine, these three expended

items are replaced, and the delivery system is ready for the next landmine

to be neutralized.

Hyper_golic_ally-Reactive_ Chemica_ls_

Previous work conducted by Tulis et al. (1974) and by Beveridge et al.

(1976) demonstrated the chemical neutralization of TNT by direct hypergolic

reaction of a liquid chemical reagent with the solid explosive. Typical

hypergols that were effective included amine compounds such as pyrrolidine

and metal alkyls such as diethylzinc. However, the present work involved

use of diethylenetriamine, and this interest stemmed from observations made

many years ago.

The reader will recall that the first curing agent for epoxy resins

was diethylenetriamine. At that time (the late 1950fs), effort at the

IITRI Explosives Laboratory involved considerable use of tetryl. Tetryl is

a hybrid explosive, the molecule of which contains both a nitro-aromatic

ring and a nitramine group. In our work to determine the compatibility of

tetryl with diethylenetriamine, we obtained a small quantity of loose tetryl

(approximately 50 g of the powdered explosive) and contacted this with a

few drops of the amine. Within a few seconds, there was evolution of smoke

and appearance of flame, which subsequently consumed the entire sample.

This simple experiment demonstrated that tetryl was not compatible with

diethylenetriamine, and as a consequence this compound was not utilized in

our explosive loading rooms.

The results of some initial screening experiments conducted against

Composition B and TNT verified that diethylenetriamine was consistently

more effective than pyrrolidine, in terms that (1) lesser amounts of amine

were required for the former than for the latter, and (2) consistent results

were obtained with diethylenetriamine when the explosive was pre-conditioned

at 0°C. In all tests wherein complete chemical destruction occurred, the

response occurred within a few seconds after the delivery system was func-

tioned, and consisted of initiation of the autocatalytic decomposition,

which initially evidenced itself by the emission of deeply-colored smoke.

This was followed by periods of very luminous flame with or without smoke,

or periods of smoke without the appearance of visible flame; however, there
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was always intense activity during the entire chemical destruction process,

which lasted between 3 and 15 min depending on the type of explosive, the

amount of explosive, and other factors. For the TNT mines, at the end of

the process a black charry residue remained that occupied about the same

volume as the original explosive; the Composition B, on the other hand, was

completely consumed with minimal quantities of the black residue remaining.

Matrix of Test Conditions

The goal of the present experimental effort was to achieve consistent

mine neutralizations by use of a minimum amount of liquid hypergolic chem-

ical, and with the delivery system deployed in such a manner that a stand-

off height from the mine was maintained. The concept was illustrated in

the previous figures. Thus, the matrix of test conditions involved the

amount of liquid chemical and the stand-off height. The amount was measured

volumetrically, specifically 15 mLf 30 mL, 60 mL, or 120 mL. Pre-selected

stand-off heights included 25 mm, 50 mm, 100 mm, 200 mm, 400 mm, 800 mm, or

1600 mm.

Surrogate Composition B and TNT landmines were utilized for the inves-

tigation. These were prepared by casting these explosives into 470-mL steel

cans with lids. Thus, the weight of the explosive was about 0.8 kg.

All experiments were monitored by means of a video camcorder operating

at 60 frames/s. In this manner, the time delay to onset of reaction was

measured, and other gross effects such as the presence of flame and/or smoke

and the duration of chemical decomposition were observed.

EVALUATION OF THE BULLET WITH CHEMICAL CAPSULE DELIVERY SYSTEM

Optimization for Neutralization of Flush-Buried Mines

These experiments involved the use of the surrogate Composition B and

TNT mines in matrix-type testing, with the experimental arrangement similar

to that depicted previously in Figures 1 and 2. Tbe mines were evaluated

either at ambient temperature or at a pre-conditioning temperature of 0°C.

In all instances the reactive liquid was diethylenetriamine (DETA), which

was utilized only at ambient temperature. The cartridge was the Winchester
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357 Magnum containing a 10.2-g jacketed soft point bullet.

Results for the two surrogate mines at ambient temperature (15-25°C) are

assembled in Tables 1 and 2. In each box the test number is indicated in

the upper left-hand corner, and the time delay to initiation of the neutral-

ization reaction (as evidenced by the appearance of smoke) is recorded. In

all instances wherein reaction was achieved, the intense autocatalytic

decomposition occurred as described earlier, and this resulted in the

complete chemical destruction of the explosives; for TNT, a black charry

residue remained, but thus was largely absent when Composition B was

neutralized. The tables show that in three tests no neutralizations were

achieved, because either the stand-off height was too great or the amount

of DETA was insufficient.

The data in Tables 1 and 2 have been plotted in Figures 4a and 4b,

respectively, and show the time delay as a function of the stand-off height

with amount of DETA as parameter. The data clearly demonstrate that the

time delay decreases as the stand-off height is decreased and/or the amount

of DETA is increased. The curves through the points have been drawn under

the assumptions that (1) the time delay will be infinite at large stand-off

heights, i.e., no reaction will occur, and (2) the time delay will approach

an asymptotic minimum value at very small stand-off heights.

The data for those tests wherein the surrogate mines were pre-condi-

tioned at 0°C are assembled into Tables 3 and 4. The time delays here

somewhat contradict the trends suggested by Figure 4a, for example, because

some of the entries show that (1) the time delay decreased as the stand-off

height increased, and (2) the time delay •increased as the amount of DETA

increased. Thus, the relatively cold temperature has an effect on the

interaction between the DETA and the explosive. In each of the tests in

Tables 3 and 4, however, complete neutralization of the explosive was

achieved.

Sporting ammunition manufactured and sold in the United States makes use
of the English system of units for specification of caliber, propellant
weight, and projectile weight. Caliber is specified in fractions of an
inch, and weight is quoted in grains (= 1/7000 pound). Thus, in SI units
the present projectile weight is 10.2 g, which is quoted as 158 grains in
the United States.
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Table 1. Parametric Evaluation of the Delivery System, Showing the Time Delay
to Reaction as a Function of the Stand-off Height and Amount of
Neutralization Chemical.

(Explosive = Comp. B at ambient temperature)

Stand-Off
Height (mm)

25

50

100

200

400

800

1600

Amount of DETA

15ml

70

0.53s

68

1.77s

54

2.33s

55

8.73s

56

No reaction

30 mL

71

0.57s

67

1.33s

59

2.43s
58

No reaction

60 mL

69

0.73s

94

1.83s

57

18.67 s

120mL

53

0.23s

Bullet = Winchester 357 Magnum 10.2-g jacketed soft point.

Table 2. Parametric Evaluation of the Delivery System, Showing the Time Delay
to Reaction as a Function of the Stand-off Height and Amount of
Neutralization Chemical.

(Explosive = TNT at ambient temperature)

Stand-Off
Height (mm)

25

50

100

200

400

800

1600

Amount of DETA

15 ml

65

0.60s

62

1.33s

63

1.73s

64

2.83s

30 mL

66

0.60s

77

- 1.3s

60 mL

61

0.30s

60

No reaction

120 mL

Bullet = Winchester 357 Magnum 10.2-g jacketed soft point.
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Figure 4. Time Delay to Initiation of the Neutralization Reaction as a
Function of the Stand-off Height with Amount of DETA as
Parameter, for Composition B and TNT.
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Table 3. Parametric Evaluation of the Delivery System, Showing the Time Delay
to Reaction as a Function of the Stand-off Height and Amount of
Neutralization Chemical.

(Explosive = Comp. B at 0°C)

Stand-Off
Height (mm)

25

50

100

200

400

800

1600

Amount of DETA

15 ml

73

1.30s

72

1.67s

75

1.06s

80

0.47s

30 mL

74

0.67s

76

0.67s

81

0.57s

60 mL 120 mL

Bullet = Winchester 357 Magnum 10.2-g jacketed soft point.

Table 4. Parametric Evaluation of the Delivery System, Showing the Time Delay
to Reaction as a Function of the Stand-off Height and Amount of
Neutralization Chemical.

(Explosive = TNT at 0°C)

Stand-Off
Height (mm)

25

50

100

200

400

800

1600

Amount of DETA

15 ml

84

1.70s

78

0.73s

82

2.23s

30 ml.

85

2.27s

79

2.13s

83

2.30s

60 mL 120 mL

Bullet = Winchester 357 Magnum 10.2-g jacketed soft point.
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On the basis of the above data, a 200-mm stand-off height and a 30-mL

liquid volume were selected as standard conditions to be utilized in all

further experimentation. In this manner, the delivery system can be imple-

mented effectively and safely in any mine neutralization scenario.

Replication jesting

Replication testing involved the conduct of a statistically-signifi-

cant number of experiments at the above standard conditions, as one aspect

of verifying the performance of the delivery system. For these experiments

pre-conditioning at 0°C was utilized, not only for the mines but also for

the DETA liquid. A total of 30 tests was conducted on the Composition B

and TNT surrogate mines. To reiterate, the experimental conditions involved

a stand-off height of 200 mm, a liquid volume of 30 mL, and use of the 357

Magnum 10.2-g jacketed soft point cartridge. The mines were flush-buried

for these tests.

The results of these tests were most impressive, inasmuch as all of

the explosives were neutralized. For the Composition B, in 15 experiments

the time delay covered a range 0.53-3.57 s; the average and standard devia-

tion were 1.62 ± 0.98 s. For the TNT, in 15 experiments the time delay was

over a range 0.77-6.40 s; here the average and standard deviation were 2.36

± 1.69 s. A number of these time delays were noticeably longer than
i

reported previously in Tables 3 and 4, in which tests only'the mine was

pre-conditioned at 0°C. Thus, it appears that the temperature of the DETA

liquid has a pronounced effect on the initial response of the explosive.

Evaluation of Alternative Neutralization Chemicals

Almost all of the evaluations of the Bullet with Chemical Capsule

delivery system involved use of DETA as the neutralization chemical, which

of course was most effective. As stated previously, the early investiga-

tions by Tulis et al. (1974) and by Beveridge et al. (1976) involved evalu-

ation of pyrrolidine and diethylzinc, but our initial screening tests with

the present delivery system showed that pyrrolidine was relatively ineffec-

tive in comparison to DETA. The ultimate goal, of course, is to have one

chemical that will be effective against all threat explosives found in

landmines.
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Table 5. Evaluation of Alternative Neutralization Chemicals
against Flush-Buried Surrogate Mines

Reactive Chemical
Test No.

151

152

183

184

Type Amount (mL) Explosive Time Delay (s)

EDA

EDA

80/20 DEZ/Tol.

80/20 DEZ/Tol.

30

30

30

10

TNT

Comp. B

Comp . B

TNT

0

1

0

8

.93

.10

.40

Reactive chemicals: EDA - ethylenediamine.
80/20 DEZ/Tol. = 80/20 diethylzinc/toluene,

by volume.

Note: Complete neutralization of the explosive was achieved in
each test.

Thus, the important first step in this search was to evaluate alterna-

tive chemicals that are effective against Composition B and TNT, the two

explosives against which we have tested in the present effort. We under-

took that step by utilizing ethylenediamine (EDA) and diethylzinc (DEZ) in

place of DETA in the delivery system. The surrogate mines in these tests

were those prepared by use of 470-mL steel cans, as described earlier. One

test with each chemical was conducted with each explosive, for a total of

four tests. The mines were at ambient temperature and were flush-buried.

The results are summarized in Table 5.

For the tests involving EDA, the time delays for both explosives are

in agreement with those associated with DETA, as previously reported in

Tables 1 and 2. Thus, at this point EDA appears to be a suitable candidate

chemical that deserves further evaluation. EDA is somewhat more difficult

to handle because its vapor pressure is higher than that of DETA; however,

this problem can be overcome by use of a mixture of the two amines.

Like many other metal alkyls, DEZ in pure form is pyrophoric with air,

and so in the present effort it was diluted with toluene to result in a

80/20 DEZ/Toluene mixture by volume. This mixture produced very positive

results in terms of neutralizing both explosives, in spite of the fact that
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the TV monitor revealed a blinding fireball when tbe bullet struck the

capsule and the mixture contacted the air, even for Test No. 184 wherein

the amount was reduced to 10 ml. The onset of the neutralization reaction

for Composition B was not within resolution by the TV monitor, and so the

time delay is reported to be zero seconds. The time delay for TNT in Test

No. 184 was somewhat longer, presumably because only 10 mL of the mixture

was utilized. These data show that DEZ also deserves continued evaluation.

INCOMPATIBILITY OF EXPLOSIVES WITH AMINE COMPOUNDS

Previously we recounted the details surrounding the response of tetryl

when contacted with a few drops of diethylenetriamine (DETA). This simple

experiment demonstrated that loose tetryl was not compatible with DETA, and

also set the stage for the extensive effort with DETA as reported in this

manuscript. All of this work has shown that Composition B and TNT are also

not compatible with DETA, which is a backward way of saying that DETA is a

suitable compound for chemical neutralization of these explosives.

The sensitization of nitromethane by the addition of small quantities

of amine compounds has been known for many years. By sensitization, we

imply that these compounds (1) decrease the initiation delay in gap exper-

iments, (2) increase the detonation velocity over that obtained for the

pure explosive, and (3) possibly decrease the critical diameter for detona-

tion propagation. The earliest reported effort involved the use of 5

percent by weight of compounds such as ethylenediamine, n-butylamine, and

morpholine (AMC, 1971); some of this work was conducted in the middle

1940's. In more recent effort, Walker (1979, 1994) showed that as little

as 0.05 percent DETA prompted a 5.6 percent increase in detonation velocity

(6.76 km/s versus 6.40 km/s for pure nitrornethane). The addition of 5

percent DETA decreased the initiation delay from 18 ys to 0.5 ys, which

represents a 97 percent decrease.

The above data, as we have said, represents sensitization, not incom-

patibility. In fact, no one to our knowledge has reported that nitromethane

is incompatible with amines. We did not investigate nitromethane in the

present effort (and we had no intention of doing so), but we have inves-

tigated Composition B and TNT, and we find that these are not compatible
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with DETA. This brings us to some rather interesting results reported in a

series of papers by Cook and Haskins (1987, 1988, 1989a, 1989b). These

investigators initially evaluated the sensitization of nitromethane by

amine compounds, but then switched their investigation to other crystalline

explosives including TNT and RDX. They typically added about 5 percent DETA

by weight, and reported the resultant change in impact sensitivity as meas-

ured by the Rotter apparatus (Mullenger, 1989). Cook and Haskins reported

an increase in sensitivity for TNT, but a decrease in sensitivity in the

case of RDX. They also observed that TNT changed from pale yellow to dark

purple when the amine was added. In all of these reports, however, they

make no mention of 'ineornpat-i'b'it'ity of these explosives with DETA.

The apparent contradictory results between our work and that of Cook

and Haskins prompted us to conduct four experiments in which 5 percent by

weight of the liquid amine compound was remotely poured into a weighed

quantity of explosive. The explosives were Flaked TNT and Class 3 Coarse

RDX. The amines were DETA and ethylenediamine (EDA). Table 6 reports the

results of these experiments, in all of which complete neutralization of

the explosives occurred.

Table 6. Demonstration of Incompatibility of
Explosives with Amine Compounds
(Ambient Temperature = 24°C.)

Test No.

173

174

175

176

Explosive

TNT

TNT

RDX

RDX

Amine, 5%
by Weight

DETA

EDA

DETA

EDA

Time Delay (s)
to Smoke

107

9

—

362

to Flame

108

10

1217

390

These data show that under the conditions of our experiments neither TNT

nor RDX is compatible with the amines that were utilized. Thus, the reason

and source of the contradictory results between our work and that of Cook

and Haskins remain unresolved, but provide impetus for future additional

experiments.
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A corollary of these results is that possibly EDA may be a more effec-

tive neutralization chemical than DETA, in view of the much shorter time

delays to reaction that were realized in the case of EDA. This observation

supports the conclusion made in the previous section, wherein EDA was shown

to be an effective alternative chemical for use in the Bullet with Chemical

Capsule delivery system.

REACTION PROPAGATION DIAGNOSTIC TEST

A schematic diagram of the experimental arrangement is depicted in

Figure 5. The instrumentation included 5 thermocouples and 10 fiber-optic

light detector probes, which were positioned at selected and equally-spaced

intervals along the length of the tube. The explosive in the tube was cast

TNT, The neutralization reaction was initiated by contact with 30 mL of

DETA, which was delivered to the explosive by means of the Bullet with

Chemical Capsule delivery system at a stand-off height of 200 mm. The

objectives of this test were to correlate the axial propagation rate of the

reaction as a function of the type of reaction that was occurring, and to

observe the temperature rise of the explosive in advance of the reaction

front.

The response of the fiber-optic probes was recorded by a LeCroy Digital

Data Acquisition System, Type 6810 Transient Recorders. The total memory

for each channel was 256 K, and the digitizing rate was 10 ms/word, for a

total recording time in excess of 42.67 min. The response of the thermo-

couples was monitored by a Fluke Data Logger, which provided a printout of

the temperature at approximately 5-s intervals. Notice in Figure 5 that

care was taken so that the thermocouple junction contacted the explosive and

not the steel tube, into which the explosive had been cast.

In order to preclude damage to the thermocouples and fiber-optic

probes, the entire experimental arrangement was buried in the surrounding

soil, such that only the lid was exposed. Thus, to an observer the set-up

resembled a flush-buried landmine, with the delivery system poised over and

aimed at the mine.

A very successful test was realized, and meaningful data from the

thermocouples were realized. All of the explosive was neutralized. The
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(The liquid chemical in this experiment was DETA.)
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fiber-optic light detector probes, however, failed to respond, presumably

because they melted as a consequence of the heat generated by the reaction.

The time delay to initiation of the reaction following impact of the

bullet was 1.30 s, again in agreement with previous observations for the

neutralization of TNT mines. The total reaction time was 37 min, 34 s,

as observed on the video monitor; thus, the overall average propagation

rate of the neutralization reaction was 0.135 mm/s.

The responses of the thermocouples in terms of temperature versus time

are plotted in Figure 6, generally in 1-min intervals. The designations are

coincident with those in Figure 5. The curves show a moderate temperature

rise to not greater than about 120°C, until the reaction wave contacts the

thermocouple, at which time thermal runaway occurs and the slope of the

curve becomes almost infinite.

From the known positions of the thermocouples and the times of thermal

runaway, it is possible to construct a distance-time profile of the propa-

gation of the reaction through the charge. This is presented in Figure 7,

for the first 29.5 min of the process. The average incremental velocities

are calculated and shown in the figure; these are in excellent agreement

with the overall rate of 0.135 mm/s, as obtained from the video monitor and

reported above.

In conclusion, the data from this test confirm that at a given posi-

tion the explosive in advance of the neutralization reaction wave is heated

to a temperature of about 120°C or less, until the reaction wave contacts

that position and thermal runaway occurs. The temperature of 120°C is just

above the melting point of TNT, but well below the autoignition temperature

of TNT-based explosives and other organic high explosives as well. Hence,

the probability that the explosive would be initiated well downstream of

the neutralization reaction is extremely remote, and this further implies

that transition to detonation is not likely. The undesirability of explo-

sive detonation was stressed in the introductory portion of this manuscript.

A
Thermocouple No. 2 responded in an inconsistent manner as compared to the
others. Thus, data from this thermocouple are omitted from Figure 7.
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Figure 6. Temperature Rise in Cast TNT as a Function of Time at five
given Positions along the Length of the Charge, as indicated
in Figure 5.
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CONCLUSIONS

The end application of the effort discussed in this manuscript was

concerned with the in-situ destruction of individual landmines by use of

chemical neutralization techniques. A delivery system, termed the "Bullet

with Chemical Capsule", was developed and demonstrated for this purpose.

The objective of the effort in this manuscript was to elucidate details in

the performance of this system.

The Bullet with Chemical Capsule system delivered a liquid amine

compound, e.g., diethylenetriamine, that was hypergolic with the Composition

B or TNT explosive in a landmine. This liquid was housed in a plastic

capsule that was positioned over but not in contact with a flush-buried

mine. A bullet was then shot through the capsule and into the mine. As a

consequence, the liquid followed in the wake of the bullet and contacted

the explosive, whereupon a highly exothermic autocatalytic decomposition of

the explosive occurred. The end result was that the explosive was completely

neutralized in a non-detonative manner.

The majority of the effort in this manuscript addressed optimization

of the performance of the delivery system. Hence, the principal parameters

for the required experiments involved the amount of diethylenetriamine

(BETA) and the stand-off height. Effective neutralizations of both TNT and

Composition B in flush-buried surrogate landmines were achieved at stand-off

heights of 400 mm or less, and with as little as 15 mL of BETA. Subse-

quently, replication tests with both the surrogate mine and the DETA pre-

conditioned at 0°C were conducted; the delivery system performed most

effectively in a statistically-significant number of experiments. Thus,

the effectiveness of the performance of the Bullet with Chemical Capsule

delivery system allows us to draw tbe conclusion that this system offers a

viable means for the in-situ chemical neutralization of landmines.

The results of an experiment in which the temperature of the explosive

was measured in advance of the reaction front suggested that ignition of

the explosive well downstream of the reaction is not likely, and that tran-

sition to detonation will not occur.

Our experiments have demonstrated that aliphatic amine compounds such

as DETA are not compatible with explosives that contain a nitro-aromatic
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ring in their structure, viz., tetryl, TNT, and Composition B (which

contains TNT). Thus, we speculate that the Bullet with Chemical Capsule

delivery system utilizing, say, BETA will be effective against all other

explosives that possess a nitro-aromatic ring, including Amatol, ammonium

picrate (Explosive D) , Baratol, Composition H~6, Cyclotol, Octol, Pento-

lite, Picratol, picric acid, Tetrytol, and Torpex; a number of these are

potential threat explosives (Patel, 1996). Furthermore, our data suggest

that ethylenediamine (EDA) may be even more effective than DETA, in terms

of a possible shorter time delay to initiation of the neutralization reac-

tion. The evaluation of the delivery system against other explosives by

means of alternative hypergolic chemicals will be the concern of future

experimental efforts.
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ABSTRACT

The purity, which was measured by HPLC, of

hexanitrohexaaza-isowurtzitane (AC-HNIW) which was synthesized by

using a precursor invented by Asahi was very high, more than 99%.

From the results, it is expected that the propellants or explosives

composed of AC- HNIW indicate higher performance in specific impulse,

ballistics and detonation velocity. The structure of AC-HNIW were
identified by IR, NMR. The results indicated that AC-HNIW had the

same structure as CL- 20 which was produced by Thiokol Corporation.

The sensitivities and thermal decomposition properties of AC-HNIW

were also measured in order to elucidate of HNIW performance. The

results were compared with CL-20. From the experiments, the

sensitivity of AC- HNIW indicated the same sensitivity as CL- 20.
The thermal decomposition temperature of AC— HNIW was the same

temperature of CL- 20.



INTRODUCTION

High energy density materials (HEDM) such as

polynitropolyaza-caged compounds are candidate materials for

increasing rocket, gun propellants and explosives performance.

Hexanitrohexaaza-isowurtzitane (HNIW) is one of the most important

HEDM which has higher energy and density than those of mono-cyclic

nitramines, such as HMX and RDX. Recently numerical studies and

calculation of HNIW have been done for a possible use as high—energy

propellant ingredients or explosives (Refs. 1-2). Since HNIW contains 6

N-NOs and 1 caged structure, it is expected that a large amount of

heat is released and high combustion potential could be obtained by the

addition of fuels such as azide polymer. The propellants or explosives

composed of HNIW and binder are expected to increase the performance

in specific impulse, burn rate, ballistics and detonation velocity.
The synthesis of HNIW are complicated because of its caged

structure. However, very few reports and patents of the synthesis are

reported (Refs. 3-5). The original synthesis of HNIW was discovered by

A. Nielsen (Ref.3) and a modification of the synthesis route was

established by Thiokol Corporation in order to produce larger quantities

of HNIW (Ref. 4). The synthesis route which has released for public

distribution is not practical route in order to get high yield of HNIW.
Since the lack of literature on the synthesis of HNIW and its precursor,

synthesis route and precursor have been investigated.

In this study, HNIW was synthesized in our laboratory. The

structure and sensitivities, such as drop hammer sensitivity, of HNIW

were measured comparing with CL-20 which was synthesized in

Thiokol corporation in order to elucidate HNIW performance.

EXPERIMENTAL

AC- HNIW was prepared by using nitrating agent and a

precursor which was synthesized from hexabenzyl
hexaaza— isowurtzitane (HBIW) in our laboratory. (Ref. 6) The structure
was identified by FTIR and NMR and the purity was measured by HPLC.
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CL-20 was bought from Thiokol corporation.

Friction sensitivity and fallhammer sensitivity were tested by

using BAM friction apparatus and fallhammer apparatus according to JIS

K 4810. The results were represented by "Class" which was defined by
the Standard of Industrial Explosives Society, Japan (IES) (Ref. 7).

In order to evaluate the thermal properties of the samples, the

differential scanning calorimetry (DSC) were employed. The equipment

was operated in air atmosphere at 0.1 MPa. The heating rate was

0.167K/S. The weight of sample used was about 1 x 10 Gkg for each

test.

RESULTS AND DISCUSSION

Structure and Purity

NMR spectrum of AC-HNIW is shown in Fig. 1. As shown in

Fig. 1, there are two absorption in the ratio of 2H to 4H. The absorption
at 6 = approximately 8.4 is due to the proton which denoted as "a" in

HNIW structure in Fig. 1. The absorption at d = approximately 8.2 is

due to the proton denoted as "b". The spectrum is as same as that of

CL-20 shown in Fig. 2.

FTIR spectra of both AC-HNIW and CL-20 are shown in Figs. 3 and 4.

As shown in Figs. 3 and 4, characteristics peaks which appeared in the

region of 700 to 1800cm"' in Fig. 3 showed agreement with the
spectrum of CL-20 in Fig. 4. HPLC result of AC-HNIW is shown in Fig.

5. It is found that the purity is more than 99% and it is higher than that

of CL-20 shown in Fig. 6. The yield was more than 97%. The impurity

in AC-HNIW is Pentanitrohexaaza-isowurtzitane (PNIW). The results

indicate that the synthesis process of in this study is suitable for HNIW

synthesis process.

Sensitivity and thermal characteristics

Results of fallhammer sensitivity and friction sensitivity test

were shown in Table 1. The sensitivities, especially impact sensitivity,

are affected by the particle shape of HNIW prepared (Ref. 3). The

sensitivities of rounded shape materials are lower than those of
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polycrystalline with sharp corners. Since the particle shape of

AC-HNIW used in this study is almost rounded shape, it should be noted

that friction sensitivity of both AC-HNIW and CL-20 is Class 5 and

fallhammer sensitivity of both AC-HNIW and CL-20 is Class 6. The

sensitivities of AC-HNIW are same as those of CL-20 and it is lower
than those of HMX (Ref. 3).

Table 1. S e n s i t i v i t y test results

AC-HNIff
CL-20

Friction
Class 5
Class 5

Fallhammer
Class 6
Class 6

Thermal decomposition

Results of DSC of samples are shown in Figs. 7 and 8. As shown

in Fig. 7, the endothermic peak at approximately 455K and sharp

exothermic peak at approximately 520K are observed in AC- HNIW. The
endothermic response indicates that a phase transition is occurring in
HNIW molecule. As shown in Fig. 8, the phase transition temperature of

CL-20 is lower than that of AC-HNIW. It is considered that the

difference is caused from the different particle size distributions between

AC-HNIW and CL-20 (Ref. 8).

In case of slow decomposition in isothermal condition (Ref. 9), the global

kinetics of HNIW is dominated by N-NOs homolysis. Following the
N-NOz homolysis, many reactions of the backborn cage are observed.

Analogous behavior is observed in HMX and RDX. In case of

nonisothermal decomposition, it is considered that AC- HNIW indicates

the almost same reaction. As shown in Fig. 8, Cl-20 indicates the same

DSC curve in this temperature range. The results indicate that
AC- HNIW has the same thermal characteristics as those of CL- 20.

CONCLUSIONS

The purity, which was measured by HPLC, of HNIW
synthesized in our laboratory was very high. It is expected that the

propellants or explosives composed of AC-HNIW indicates high
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performance in specific impulse, burn rate, ballistics and detonation
velocity. The structure, which was analysed by IR and NMR, of

AC-HNIW indicated the same structure as CL-20 which was

synthesized by Thiokol corporation.

From sensitivities test results, it is found that AC-HNIW indicates good

safety properties and it is almost the same results as that of CL-20.
Thermal characteristics of AC-HNIW showed almost the same results
as CL- 20 in the temperature range tested in this study.

The results mentioned indicate that HNIW synthesized by using

Asahi's original precursor is suitable for the high energetic propellants or

explosives.
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Fig. 3 FTIR spectrum of AC-HNIW
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COMMERCIALIZATION OF A LASER IGNITED ACTUATOR.

D. E. Benner, D. J. Haas, R. J. Massey, B. T. Neyer, A. C. Munger

EG&G Optoelectronics has an internally funded R&D Program designed to bring an "off the
shelf laser ignited pyrotechnic actuator system to the market place. The design
incorporates miniature lenses to efficiently focus the laser light output, from a high power
EG&G InGaAs laser diode operating at 980mn, into the explosive powder. The focusing of
this light causes a temperature rise resulting in device function. The output lens of the two
lens system is sealed to the metal shell using DOE developed Glass-Ceramic sealing
technology. In addition to providing hermeticity and a high pressure seal, the Glass-
Ceramic, lens, metal shell material set presents an "Incompatibility Free" (no solders, glues,
etc.) environment for the powder. The powder used in the actuator version of this device is
a TiHxKClO4 material developed at Sandia National Laboratories and used by the DOE for
many years.

Included are the results of the development tests as well as the design features of the
actuator. The report also discusses the development of a laser ignited detonators and future
work.

Optoelectronics
Miamisburg

PO BOX 529, Miamisburg, Ohio, 45343-0529
937.865.4621

amunge r@e gginc .com

97



Introduction

Laser initiated ordnance has been a technology underdevelopment for about 20 years.
There have been many studies and components fabricated by several agencies and
organizations. The optical feed through designs have been thoroughly evaluated as well as
significant characterization of laser ignition thresholds.1^ There are commercially
available devices marketed by several manufactures at this time. EG&G Optoelectronics has
an internally funded R&D program to bring to the market place an "off the shelf laser
ignited pyrotechnic actuator. The design is based on the studies conducted by the
Department of Energy at the Mound site, sponsored by Sandia Corporation, Albuquerque
New Mexico.

The EG&G Optoelectronics design utilizes lenses and provides a hermetically sealed
component capable of withstanding very high pressures. The design builds upon the
commercialized Glass-Ceramic technology that EG&G Optoelectronics currently has in
place. The end result of this R&D project is to have in place a pyrotechnic actuator and a
laser diode system matched to that actuator. The interface specifications of the devices are
defined so that the devices can be integrated into other firing assemblies.

Component Descriptions

EG&G Optoelectronics currently is manufacturing high strength hermetic electrical feed
throughs for ordnance applications. This technology is being applied to the optical feed
through required for the laser actuator shown in Figure 1. The actuator measures .625 inch
in length has a .375-24 thread on the
output end and accepts a standard
SMA906 connector on the input end. The
charge cavity is .169 inch in diameter and
. 150 inch deep. The basic material set is
S-Glass, Inconel 718 or Hastelloy C276.
These materials and modified processes are
being used to produce the actuator header.
The shell itself is manufactured as two
pieces. The two halves are then laser
welded to form the final shell. This design
facilitates the required sealing process and
assembly of the lens system. The housing
design is such that it is capable of
withstanding 100,000psig.

SC 313 Laser Actuator
Figure 1

The optical system is composed of two lenses. The first lens collects light from 0.22 or 0.37
NA fibers and provides near collimated light output. The second lens takes the near
collimated light and focuses it to a spot less than 80 um in diameter when a 100 um fiber is
used. The input lens is made of a low loss material and is captured between the input and
output shells before the laser weld is applied. The second lens is sealed to the metal shell
using ceramic sealing technology developed and used by the DOE. The sealed lens is shown
in Figure 2. The transmission loss through a 2 lens system is l.Sdb or 19%.

The pyrotechnic material used in this device is a Titanium Hydride : PotassiumPerchlorate.
The material is blended in a 33:67 weight ratio and compacted to an average density of
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2.1g/cc which results in a charge mass of 118mg. This particular form of titanium is
impervious to static discharge and the blends made from the fuel are also insensitive. This
is of particular interest in electrically fired actuators but is of lesser importance in a laser
design that has no electrical conductors into the charge cavity. The material is safer to
handle during1 manufacture of the actuators and therefore is a good choice of material. If
the output of a pyrotechnic device such as the one described in this paper would be used to
ignite other pyrotechnic or explosive material then a coarser non-hydride material would be
a better choice.

The pyrotechnic cavity is hermetically
sealed by the use of a laser welded
closure disk. The unit is helium leak
checked as an optical feed through and
again after the final closure disk welding.
Leak rates are typically less than 1X10 9

STP.

The choice of corrosion resistant metals
and ceramic and glass materials in the
assembly of the actuator body and the
use of very low free chloride potassium
perchlorate results in a device that is,
"Incompatibility Free". There are no
solders or brazes in the product. This
prevents the degrading effects of
incompatible materials that can occur as
the component ages (a problem which has
plagued some bridgewired and other optically initiated items).

Lens Sealed in Header
Figure 2

The Laser Diode that
has been used for the
development of this
actuator is a product of
EG&G Optoelectronics,
Canada It is a C86155E-
10.

The diode is housed in
an eight pin DIP
package and can easily
be mounted on a Printed
Wiring Board. The
device is categorized as a
1 Watt diode however
the unit used for these
tests generated an output greater than 1.3 Watts with a drive current of approximately 2
Amps. The output of the diode is coupled into a 100/140 step index fiber. An SMA-906
connector was placed on the end and the fiber polished. The addition of the drive electronics

C86155E-10 Laser Diode
Figure 3
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to the diode and actuator
results in a complete laser
ignited ordnance system.
This is available all from
within one company, EG&G.
The diode is shown in Figure
3. Typical performance data
for the diode with respect to
drive current and
temperature is shown in
Figure 4 .
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Testing

Laser Actuator soomW
Ambient Condition

Actuators have been loaded and tested into a 10 cubic centimeter closed bomb and the
pressure profiles captured. Commercially available wave form recorders that take data at
high rates are the norm today. Data taken with these devices can reveal data features that
may not be of significance to the application. This is true when capturing pressure data
from burning
pyrotechnics. The
profiles contain a high
frequency ringing that
quickly dies out and on
the average produces
no useful work. The
data can be filtered
with an analog filter
that is resident in the
analog pressure
capturing equipment
or by digital processing
methods after the data
is captured. In many
cases the analog filters
are used but for this

0 1

Time (ms)
Figure 5

data the wave forms were captured without filtering. The rise time of the pressure pulse is
60 ^is. An unfiltered trace is shown in Figure 5 and a digitally processed set of pressure
pulses are shown in Figure 6.
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The average (filtered) pressure developed from the actuator is approximately 800 psig over
the first 5 msec. The offset between the laser pulse start and the pressure pulse start is the
funcction time of the device, in this case 800 mW caused the device to function in 353 (is.

Threshold testing, using a Neyer D-Optimal test protocol to choose the stimulus levels, has
been completed on twenty two units at ambient conditions. The results of these tests are
summarized in Figure 7

Laser Actuator BOOmW
Ambient Condition Filtered Pressure

P=.18e-6t+.82e-°331

1000

800

and FigureS. Figure?
gives the stimulus
level and whether the
unit fired or failed.
Figure 8 shows the
probability of firing at
various confidence
limits Vs input energy.
The mean for these
twenty two tests was
measured at 226 mW
with a standard
deviation of 12 mW.
The tests were
conducted as follows:
The energy out of the
fiber was measured
twice prior to
connecting the fiber onto the test units. During the function test, the internal photodiode
(internal to the laser diode and calibrated prior to testing) was measured. The energy out of
the fiber was also measured after the test to ensure the output had not changed. The pulse
duration from the laser was 10 ms. on each test.

0

<D

On_

A n a l y z i n g F i l e P R E S S . S C I U s i n g L i n e a r N o r m a l R e s p o n s e .

300

250

200

150

,.

O

O

O

O

O

10 IS 20
S p e c i m e n N u m b e r

M u = 226.2 ( m W ) S i g m a = 12.4 ( m W )

Ambient Threshold Results
Figure 7

25

101



Analyzing File I'RKSS.SCI Using Linear Normal Response.
Likelihood Rallo Probabi l i ty Intervals

1-1.e-6
l - l . c -5

0.9999

0.999

0.99

0.9

0.5

0.1

0.01

0.001
0.0001

-100

Confidence

0.500
0 K ( » »

200 300
Stress (mW)

Probability Plot

Figure 8

400 500 600

Another method of testing this type of device is the Kinetic Energy Device (KED)4'5. In
many cases the gas produced by the actuator is used to push a piston that in turn cuts,
seals, or diverts a fluid stream. The cutting and sealing are usually accomplished on metal
tubes or other metal devices. The
KED test establishes the kinetic Kinetic Energy Plot of Laser Squib
energy transferred to the moving
piston that must accomplish the
desired work. The threshold
energy requirement can be
developed by using VISAR6 or a
modified KED fixture to examine
the actual valve piston motion and
then the test can be used for
qualification of various actuator
and squib designs. The data from
such a test gathered from a laser 0 2 4 6 8
actuator is shown in Figure 9.

Displacement (mm)

Figure 9
Thermal stress has been shown in
the past to be the most significant cause of poor performance and failures in a fuel : oxidizer
pyrotechnic system.7 The robustness of this particular design was evaluated by assembling
units and thermally stressing them by immersing them in liquid nitrogen and then
immersing in boiling water. The units were allowed to dry off and then they were tested at
ambient. These units had an average function time of 1.3 milliseconds which is considered
nominal response of this device. Another group was tested by a more traditional thermal
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Ignition Energy vs Input Power
shock cycle. These units were
cycled cold to -65° F and in 30
seconds transferred to 225° F
The cycle was repeated three
times. These units were also
allowed to come to ambient
temperature and then tested with
400 milliWatts of laser power,
again the average function time
was 1.3 milliseconds. Figure 10
shows the lower boundary for the
relationship of input power to the
ignition energy for this device.
An asymptotic limit is
approached for the ignition
energy as the input power goes
up and the knee in the curve is a
function of the thermal time
constant of the system. This is the
lower boundary, the ignition data
for many units lie above the line within in a statistically defined region. At 400 milliwats of
input power and a function time of 1.3 milliseconds the ignition energy is 0.52 mj and this
data point is well within the expected good unit data region next to the lower boundary. It
is obvious that the effect of the thermal environment is very minimal on this component.
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Summary

The design goal for this R&D project was to bring to the marketplace a highly reliable,
efficient, laser actuated device. This device meets that goal. It produces an average of 800
psig into a 10 cc pressure vessel and has a mean firing value of 226 mW. The low standard
deviation also attests to the successful design. The test unit is robust and reliable. It
remains hermetic even after being fired several times and has an "incompatibility free"
charge cavity. This device provides the base for a family of laser ignited devices. The
pyrotechnic could be tailored to produce persistent burning "hot particles" and then be used
for ignition purposes. The design could easily be incorporated into piston actuators and
reefing line cutters. In addition to the pyrotechnic device a complete system has been
developed, including the firing module and laser diode.

Future activities include building a detonator version of the device, as well as fine tuning a
Built In Test scheme to be used in this device.
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Abstract

This work deals with TLC analysis of nitrate esters: nitrocellulose and nitrogly-
cerine (main components of propellants) and pentaerythritol tetranitrate (popular
high explosive). TLC analyses of these esters were carried out from environ-
mental samples taken from water and soil near former ammunition plants and
depots. Solid-phase extraction was used to purification of analytes. Chroma-
tograms were developed in a normal-phase system by AMD gradient elution.
Quantitative assessment was achieved by VIS absorption measurement after the
specific reaction of nitrate esters with Wurster salts. Recovery (ca. 65-99 %) and
error of the method (relative standard deviation 3.5-10.1%) were estimated.
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1. INTRODUCTION

At the beginning of 70-ties T. Urbahski and co-workers (Ref. 1,2) found that or-
ganic nitrate esters oxidise tetramethyl-p-phenylenediamine to yield so-called
Wurster cations (Ref. 3) which are intensively coloured. Nitrate esters with five
or six nitro groups in anhydrous, non-polar solvents produce further reaction,
including the formation of brown-coloured charge-transfer complexes. Nitrate
esters which contain a smaller number of nitro groups (from one to four) give
a stable violet-blue colour. These properties offer the possibility of tetramethyl-p-
phenylenediamine usage as a reagent for detection of nitrate esters. It was also
found (Ref. 4) that in the case of above mentioned colour reaction, it is possible
to detect nitroglycerine at its detection limit of 10'2 jig.
A direct cause of researches conducting in this area was a fact that we could not
find further works on this topic in scientific literature. So, it was undertaken trial
to use Wurster salts to analyses of nitrate esters important for military purposes
in bearing of environmental protection. These nitrate esters are: nitrocellulose
(NC), nitroglycerine (NG) and pentaerythritol tetranitrate (PETN). During these
researches solid-phase extraction (SPE) and modern, instrumental TLC tech-
nique was used.

2. EXPERIMENTAL

2. 1. Apparatus and materials
Apparatus: scanning densitometer CS-9001 (Shimadzu), autosampler Linomat
IV-Y (Camag) for spray-on linear sampling on TLC plate, automated multiple de-
velopment system to TLC gradient elution - AMD system (Camag), solid-phase
extraction set SPE-12 (J. T. Baker),
Materials: standards of NG and NC (ZTS PRONIT Pionki SA, Poland), PETN
(Military Institute of Armament Technology, Poland), tetramethyl-p-phenylene-
diamine (Merck), TLC plates (Merck), solvents: hexane, methylene chloride,
acetone, petroleum ether, tetrahydrofurane (J. T. Baker).

2. 2. Selection of the chromatographic system
The measurements were made with the acetone standard solutions of analytes
in normal and reversed phases of chromatographic system. The standard solu-
tions of NG and PETN were of 1CT4 % (m/m) and 10"3 % (m/m) in the case of NC.
The solutions and their mixtures were sampled by spray-on technique at the
distance of 8 mm from the lower edge of the chromatographic plate in form of
bands which length were 5 mm each. A volume of sampling in each band was
300 [it. Mobile phases were searched in aspect not only separation of the ana-
lysed components but also in order to their isolation from the rest substances
existing in the environmental matrices.
The best effects - understood in meaning of separation of above mentioned ni-
trate esters and their isolation from the additives occurring in matrix - were ob-
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tained in normal system of phases using TLC plates covered by silica gel Si 60
(Merck, No. 5548) and gradient elution in AMD system. Rf values for NC, NG
and PETN were 0.00, 0.21 and 0.45 respectively. We tended consciously to
achieve zero-value of Rf for NC because its molecules differ considerably in
mass and mobile phase of high etution strength is able to cause only broadening
of NC band. Such broadened band can not be analysed quantitatively. Detailed
information about condition of gradient elution in AMD system comprising se-
quence of solvent delivery from reservoir bottles and duration of each step of
chromatographic development are given in Table 1.

2. 3. Quantitative relations assessment
In order to initiate coloured reaction ,,in situ", chromatograms were sprinkled by
acetone solution of tetramethyl-p-phenylenediamine of 0.1 % (m/m) concentra-
tion and then energy was delivered in form of heat or UV radiation at wavelength
of 254 nm. The sensitivity and stability of measured absorbance densitometric
signals were investigated. Advantageous effects were obtained in the case of
exposure of chromatograms by UV light.
Amounts of nitrate esters in chromatographic bands were determined through
the measurement of light absorbance at the length corresponding to maximum
absorbance Xmax of products reaction of nitrate esters with tetramethyl-p-
phenylenediamine (this A,max value was 598 nm). Various amounts of the stan-
dard solutions of nitrate esters were sampled on the start line of TLC plates and
next the chromatograms were developed, visualised and scanned by ,,zig-zag"
technique. Relation A = f(c) (where A - area of densitometric peak, c - mass of
the nitrate ester in chromatographic band), level of detection limit and maximum
linear range for quantitative relations are presented in Table 2.

2. 4. Extraction of nitrate esters from environmental samples.
Samples of natural surface water (1 dm each) were spiked by investigated ni-
trate esters to obtain the concentration level of 1-10"7 g/dm3. This level is
equivalent to permissible concentration of environmental poisons in drinking
water. The contaminated samples were extracted by SPE technique using
SDB-1 cartridges (J. T. Baker No. 7519-05). The SPE technique was also used
for purification of samples. For this purpose the extraction column were rinsed
twice with 2 ml of hexane. The remaining substances were extracted with two
parts of acetone of 2 ml each.

Five representative samples of soil (25 g each) were selected and then,
they were spiked by investigated nitrate esters to the level of 5-10*4 g/kg. Each
sample was extracted in a Soxhlet extractor with 150 ml of methylene chloride
for 3 h. Next the extracts were transferred into a separator funnels to separate
the water fraction. Organic fractions were dried with anhydrous sodium sulphate
during 24 h, and then after filtration, they were concentrated by evaporation to
ca. 10 ml of volume. The solid components were separated in centrifuge for 5
min. of rotation at 3000 rpm and then the clear solutions were concentrated in a
nitrogen stream to a volume of 1 ml. The concentrated solutions were sampled
(50 nl) on chromatographic plate and the chromatograms were developed using
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the procedure described above. Results presented in Fig, 1 show that consider-
able amounts of pollutions interfere with determined substances. Tending to
samples purification, various techniques were used to remove these pollutions.
The best results in terms of recovery (ca. 65-99%) and degree of sample purifi-
cation were obtained at relative standard deviation less than 10.1 % (Table 3) by
application of the following procedure. Soil extract of 1 ml (five parts of 200 ^l
each) was given on the top of SDB-1 cartridge. Simultaneously nitrogen stream
was given froiTi ihe bottom of the cartridge (each part of the extract was given on
the top of the cartridge after complete evaporation of preceding part of solvent).
This way analytes and accompanying them pollutions were retented in the top
layer of the cartridge. Procedure of purification and elution of these substances
was the same as applied for water samples. Densitogram of purified eluat of soil
is shown in Fig. 2. In Fig. 3 densitogram of nitrate esters after their reactions
with tetramethyl-p-phenylenediamine is presented. It is easy to observed that
majority of pollutants do not react with tetramethyl-p-phenylenediamine; the
peaks of nitrate esters - exactly peaks of products of nitrate esters reaction with
visualising reagent - are clear and convenient for measurement.

3. DISCUSSION OF RESULTS AND CONCLUSIONS

Selection of chromatographic system appropriate to separation of components in
analysed mixtures was an analytical problem in aspect of assumed foundation
that investigated substances are environmental pollutants. For this reason, we
tended not only to separate the esters but also to their isolation from other envi-
ronmental impurities. It is why the extracts obtained from a Soxhlet extractor
were additionally purified by SPE technique. The presented results confirm the
possibilities of instrumental TLC for detection and determination of trace
amounts of nitrate ester in the real environmental samples. The advantage of
this method is the possibility of simultaneous analysing of ca. 20 samples. So
this high-speed method (taking into consideration duration required to realise
one quantitation) is very useful to routine analyses and to analyses called
..screen methods".
Additionaly high sensitivity of the method, particularly in the case of NG and
PETN is the most important advantage. It is thanks not only to high sensitivity of
visualising reaction but also to technique applied for sampling the solution on
plates, as well as to method of development and densitographic measurements
of chromatograms. The autosampler used for investigation allowed us to sample
relatively large volumes of investigated solutions (ca. 102jal) in the shape of nar-
row bands. It means that concentrations of analytes in the investigated sample
can be three orders less in comparison with their concentrations required to
achieve quantitative determinations with the help of classical techniques of
sampling on plates (eg. by means of microsyringes). Selection of chroma-
tographic system let us identify and realise quantitative analysis of nitrate esters
(Fig. 3). It was achieved by using the AMD technique (Table 1). This technique
is able to improve the limit detection ca. ten times and separate analytes from
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very composed mixtures, often without the necessity of preliminary cleaning-up
of samples. Possibility of gradient elution (AMD) combined with efficient densi-
tometric measurements with the help of ,,zig-zag" scanning (Shimadzu densi-
tometers) is particularly suitable and useful for TLC quantitative analyses.
Results of investigations suggest that the most reactive form of Wurster salts are
their radical form. Transferring these salts to radical form goes with the highest
rate under the influence of energy delivered in form of UV radiation at strictly
determined wavelength. A little worse results (in meaning of reaction yield which
can be treated as a sensitivity of analytical method) were obtained in the case of
heat energy delivery. Unfortunately we did not confirm absorbance signals sta-
bility as it was reported in above mentioned scientific literature (Ref. 4). It means
that Wurster salts usage to quantitative analyses of NG, NC and PETN requires
realisation of strictly and exact timetable during analysis especially in the stage
of exposure of TLC chromatograms and densitometric measurements. Obvi-
ously, condition of constant quantum efficiency of light radiation source should
be kept as well. It was also shown that these limitations do not disturb in
Wurster salts application to specific quantitations of nitrate esters.
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Table 1. Filling of bottles and time duration of each development step in AMD
system

Step

No.

1

2

3

4

5

Step duration

[min]

0.2

0.5

1.0

2.0

4.0

Bottle

No.

1

2

2

2

2

Composition of solvents (v/v)

petroleum ether

4

9

9

9

9

tetrahydrofurane

1

1

1

1

1

Conditioning: petroleum ether / tetrahydrofurane (8/1)

Table 2. Parameters of TLC quantitations

Nitrate

ester

NG

NC

PETN

Calibration curves

a and b values
of equation
A=a*e+b

31.6c + 32

1.2 c + 2366

27.6 c + 537

Correlation
coefficient

0.9981

0.9978

0.9991

Max. range of
linearity

[ng/band]

650

7200

900

Detection limit

[ng/band]

20

600

50

Table 3. Characterisation of nitrate esters recovery from water and soil; mean
value from five measurements

Nitrate

ester

NG

NC

PETN

From water

Recovery [%]

88.7

70.5

99.2

Relative standard
deviation [%]

4.2

8.1

3.5

From soil

Recovery [%]

782

65.2

80.5

Relative standard
deviation [%]

7.6

10.1

5.7
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10 20 30 [mm]

Fig. 1 . Densitogram of soil sample after extraction in Soxhiet extractor
(UV absorbance measurement at 254 nm)

10 20 mm
Fig. 2. Densitogram of soil sample after additional purification by SPE

technique (absorbance measurements as in Fig. 1).

0 20 mm

Fig. 3 Densitogram of soil sample after visual is ing reaction with
tetraniethyl-/ '-phcnylencdiamme ( V I S absorbance measure-
ment at 59X nm). Peaks of mt ia t e esters I - NC. 2 - N( i ,
3 - P H T N
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Regioselective Nitration of Toluene on The

Surface of Modified Zeolite
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ABSTRACT

NaZSM-5 zeolite modified wi th Fe and Mg by ion exchanging

could be used as para-selective catalyst in mononitration of

toluene with mixed acid. The concentration of Fe and Mg atom at

the surface of zeolite has considerable effect on isomer d is t r ibu-

tion in p roduc t .

INTRODUCTION

It is possible to a lkyla te or d i spropora t iona te certain monosubst i -

tuted benzene compounds to achieve high parc -d i subs t i tu ted

derivatives wi th the molecular sieve zeolite catalyst by modifica-

tion of the la t ter wi th cer ta in chemical reagents . Chemical reac-

tion catalyzed by zeolite occur p r i m a r i l y wi thin the catalysts' in-

ternal pore s t r u c t u r e , which has precise dimensions characterist ic

of the individual zeolite species^0 Recen t ly zeolites also have

been introduced to n i t r a t ion , for example , toluene and other

alkylbenzene are monon i t r a t ed in essential ly quanti t ive yeild at

ambient t empe ra tu r e by benzoyl n i t r a t e in the presence of alu-

m i n i u m / p r o t o n exchanged large pore m o r d e n i t e , the react ion is



high para-selectivc [2]. In this pape r , by modification wi th Fe and

Mg, zeolite was used as catalyst in m o n o n i U a t i o n of to luene with

mixed acid for the p u r p o s e to increase p -MNT isomcr ra t io in the

product . By selection among the d i f f e r e n t zeolite species avail-

able, the i n t e r c o n n e c t e d channels fo rmed by ten r n c m b c r c d r ings

of oxygen , such as in ZSM-5, are especial ly in te res t ing because

benzene derivatives fit r a the r closely, are able to d i f fuse into the

pores, reach a catalyt ic site. Catalytic site could be activated

with Fe and M g a t o m s , which could be introduced in to defect

sites of the zeolite f r o m e w o r k by treated with metal chlorides or

metal n i t ra tes at c lvated t e m p e r a t u r e -

EXPERIMENTAL

1. Instruments and reagents

PHI — 5300 X ray o p t o c l e e t r o n spcctroscopy (ESCA s y s t e m ) . X--

ray pa r ame te r s ; Source = Standard , Anode mater ia l — M g , Anode

energy — 1253. 6 cV , Anode p o w e r — 250 w , Anode voltage = 15. 0

kV , work founc t ion — 4 . 2 eV.

D/max-r C X ray d i f f r a c t i o n , Target — Cu , Vol tage = 40 kV ,

C u r r e n t — 50 m A , slites s = 1» rs = 0. 15, SS = 0. 1, Scan speed — 3

deg/min .

SP — 3700 gas c inematography , SE — 30 elastic si l icicapil lary

column , Tempera tu re IN J 210'C , COL 190°C , DET (FID)230'C ,

Gas flow N 2 30 c m 3 / m i n , H 2 30 c m 3 / m i n , Air 280 c m V m i n , Col-

umn head p res su re 82. 7 kPa-

NaZSM-5 zeolite with Si/Al 200, 95% H N O 3 , 98% H 2 SO 4 , the

rest arc al l AR reagents .

2- Preparation of modif ied zeolite

Put 10 g NaZSM-5 zeo l i t e in 150 ml 6 moI/L hydroch lo r i c ac id ,
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heat ing and rc f lux ing for 2h , f i l t e r e d , washed with dist i l lat ion

w a t e r * in this p rocedure Na could be changed to H , dried at JOO

'C for the fo l low use.

Put 10 g zeolite be tween 80 to 100 mesh which has been t rea ted

with hydrochlor ic acid in 150 ml FeCl3 solut ion of cer ta in concen-

t r a t i on , s t i r ing and r e f l u x i n g for 2h , f i l t e red and washed with

dist i l lat ion wa te r , dried at 100'C, then activated at 700'C for 3h,

thus Fe-ZSM-5 modif ied zeolite was o b t a i n e d , Fe atom concen-

trat ion at the surface of zeolite was de te rmined with ESCA sys-

tem. With s imi lar method in Mg ( N O 3 )2 solut ion, Mg-ZSM-5

modif ied zeolite was d e t e r m i n e d and Mg atom concent ra t ion also

determined with ESCA.

3. Nitration

At a cer tain t e m p e r a t u r e with vigorous agi ta t ion, dropped n i t r i c

acid in to the sys tem involved t o l u e n e , catalyst and s u l p h u r i c

acid , after reaction completed , f i l t e r e d , t rea ted the organic phase

in f i l t r a t e to n e a t e r , and analysed wi th gas chromatography.

RESULTS AND DISCUSSIONS

1. Some m o n o n i t r a t i o n isomer d i s t r i bu t ion of the product cat-

alyzed with catalysts obtained from d i f fe ren t concentration solu-

tion o fFeC! 3 and M g ( N O 3 ) 2 w e r e l is ted in table 1 and table 2. Re-

action condit ion were : t o luene 50 ml, 98% s u l p h u r i c acid 80 m l ,

catalyst l O g , 23ml 95% n i t r i c acid was d i lu t ed with 25 ml water

and the reaction t e m p e r a t u r e were all below 10'C-

- 114



Table 1 Resu l t s of r e ac t i on catalyzed with Fe modif ied zeolite

concentra t ion of

FcCI3 /M

0

0. 05

0. 1

0.2

0.3

0.5

0. 7

0. 8

Table 2

concentrat ion of

M g ( O N 3 ) 2 / M

0.05

0. I

0. 15

0 .2

0. 3

0. 5

Fe atom c o n c e n t r a t i o n

at the su r face /% 0

0

2. 54

2. 63

2. 76

2. 87

3. 02

3. 0-1

3. 01

R e s u l t s of r e a c t i o n ca ta lyzed

Mg atom concentra t ion

at the sur face /% 0

7. 20

8. 43

9. 82

I t . 7 6

11. 94

11. 89

i somer d i s t r i b u t i o n in

- M N T

54. 0

50. 1

47. 6

42. 5

40- 4

35. 8

36. 1

35. 5

with Mg

m-MNT

2. 8

2. 3

2. 1

1.8

2. 0

2. 4

1. 9

2. 2

p r o d u c t / / o

p - M N T

43. 2

47. 6

50. 2

55.7

57. 6

61.8

62. 0

62. 3

m o d i f i e d zeolite

isomer d i s t r i bu t ion in

- M N T

47. 8

-12. G

39. 0

32. 0

31. 7

31. 9

m - M N T

2. 1

2.5

1. 8

2.3

2. 1

2 .0

produc t / /^

p-MNT

50. 1

54.9

59. 2

65. 7

66. 2

66. 1

I t ' s wel l k n o w n tha t in monon i t r a t i on of to luene with mixed

acid » the isomer rat io d i s t r i b u t i o n of the p roduc t is o-MNT 58 —

59%, m-MNT 4 — 5%, p -MNT 36 — 38%. According to the re-

sults listed in t ab le 1 and table 2, it ' s obvious that the ratio of p-

MNT in the m o n o n i t r a t i o n p roduc t were increased noticeably. At

the saturat ion capacity, for Fe about 3. 02% and Mg about 11.

8% respect ively, the ratio of p - M N T are both higher than 62% ,

p - M N T in the p roduc t increased w i t h t h e i n c r e a s c m c n t of Fc and



Mg atom c o n c e n t r a t i o n * compared to the resul t of non-modif ied

zeolite* because of the introduction of active element* catalytic

results are b e t t e r , and it is suggested t h a t amount of active cle-

ment and i ts d i s t r i bu t ion are the impor t an t factors affect ing the

para-selectivity of ZSM-5 zeolite in mononitrat ion of toluene.

2. Catalyst prepared f rom zeolite wi th h i g h Si/Al ratio are stable

in this special n i t ra t ion system. XRD show there is no obvious

difference between catalysts before used in n i t ra t ion and af ter

used 5 t i m e s , as c a r r i e r , zeolite with h igher Si/Al ratio could

keep its bug hole stable. On the other s ide , these k ind of zeolites

have less catalytic activity in n i t r a t ion , and the defect could be

improved by in t roduc ing Fe and Mg atom to its sur face , for the

increascment of catalyt ic si te.

3. These results provide the basis for the development of a new

class of stereospecific catalyt ic processor for the p roduc t ion of

para-subst i tu ted aromat ic n i t rocompounds .
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Abstract : Themoplastic elasiomer(TPK) which incorporates carbon-to-oxygen backbone has
been recognized as the potential binders for thermal and shock resislam(LOVA) pressable
plastic bonded explosiveslPBX's).

We have been working on a series of graft coixilymcrs with an aery late backbone and
polystyrene side chains (macromunomers). Graft copolymers having polystyrene side chains
were synthesized from free radical polymerization of methacrylate-terminated polystyrene
macro monomers (Mw= 13,000, If i .O(X)) w i th n-butyl aery late monomer, and then characterized
by ' l I - N M R , GPC, RDS. etc.

The graft eopolymers we?re chemically compatible with RDX. Molecular weight ( M w ) of
the graft coixilymers was in the range of fiOO,000 - 1,100,000. In addition, these cojxilymer
binders showed endothermic decomjxisition behavior in the DSC analysis and desensitized
thermal and shock sensitiveness of pressable PBX's.

The RDX was coated with these graft copolymers by the water-slurry method and
.uniform coated molding powders were obtained. Molding powders consisted of 92% RDX, (i.O
-7.~y,V) acrylate/styrene binder. O.f i-I .5% DOA plasticizer by weight ratio.

The compositions have been examined using scanning electron microscopy to determine
the extent and dua l i t y of the ix i lymer coating, and evaluated by shock sensi t ivi tyU,S( IT), fast
cook-off, susan lest, cycle test etc.

Since thermal and shock resistance have come as the result of formulation in
endothermically decomposing binders which import both thermal and shock protection.

1. Introduction

A desensitization to mechanical and thermal s t imul i in high explosives such as RDX and
HMX led to an increase in safety, handling, storage, and production of these materials. The
desensitization of high explosives could be usually achieved by coating the crystals wi th
polymeric binders. Since the performance of the explosives should not be affected by the
coating, therefore only a small amount of inert material should be used. So, it was important
to select an adequate polymeric binder having good adhesion with high explosives, showing
good thermal and mechanical properties, and giving low sensitiveness to high explosives.
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The main purposes of the study were to be classified in t\vo parts. First, it was to
ix>lymerize the copolymerit: binder, especially thermoplastic elastomerCTTR). The use of TPK's
in pressable explosives as a binder was not new but we tried to synthesize a TPE binder
with sjxxMai functions. For example, when polystvrene-hydrocarbon block eopolymer like
KRATON was used as a binder, dcsensitizalion effect was observed in impact tesURef. 1).
On the other hand, poly aery late binder like HYCAir" showed endothermic depolymerization
behavior and desensitization effect in shock and cook-off test(Ref.2).

From the above facts, it was possible to design a polymeric binder, similar to two
polymeric binders in structure mentioned above, that exhibit excellent resistance to impact,
shock and heat sensitivity to pressable PBX. So, graft copolymer, poly(n-butyl aery la te)
backbone with polystyrene side chains, was synthesized by a conventional, free-radical
solution copolymerization of n-butyl aery late monomer and monomethacry late-terminated
polystyrene macromonomer with molecular weight of 13,000 ~ 15,000. This macromonomcr
method was the simple way to get graft copolymers with well-defined structure, even though
it was hard to obtain pure graft copolymers because of diff icul t ies in separation and

characterization(Ref.3,4,5,6).
The Kraft copolymers were prepared according to the polymerization scheme shown in

Figure 1.

C=O
I

O

(CH2 )3

CH3

A

o
sec-BuH-CH,-CH^-CH-,CH2OCC=CH?

t i l l ' - * ' i *•

CH3

MW = 13,000
PDI = 1.31
n = 125

AIBN, MEK
Sol'n Polym .

AlBNBz/DMSO
Sol'n Potym.

—A— M—A—A-M—A-

(St)n (St)n

Graft Copolymer

Fig 1. Reaction scheme of P(n-BA)-g-PS copolymer polymerized by solution

polymerization.
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Second, the molding powders were prepared by a water-slurry coating process. These were
coagulated in an aqueous RDX slurry lo produce the molding powders. At that time, it was
to study the effect of plasticizer and other ;iddilives in the water-slum' coating process in an
effort to improve the coating efficiency and the1 insensitiveness ot explosives. Our goal in
producing explosives insensi t ive to shock attack has been one ot making a material which is
fracture resistant. Since thermal resistance has come as the result of formulations of RDX in
endolhermically decomposing binders, we have been invest igat ing for polymeric binders which

impart thermal protection.

2. Experimental

2-1. Materials

Monomethacrylate- terminated polystyrene macromonomer of 13.000 — 15,000 number
average molecular weight(Mn) were used as received from the Scientific' Polymer Products,
Inc. n-Butyl acrylate monomer was purified by pumping through an inhibitor removal column
and then stored in a refrigerator.

A/.obisisobntyronitrile(AIBN) in i t i a to r was used after recrystalHzing in cold methanol.
Methyl ethyl ketonc(MKK). bcnzene(Bz) and dimethyl sulfoxide(DMSO) solvent used in free
radical polymeri/ation and methanol for recovering polymerization product were generally used
as supplied.

Gevatol used as RDX disjjersant and granule controller of molding powder was a partially
hydrolyzed poly (vinyl alcohol). DU^-e thy lhexyi l adipate(IK.)A) plasticizer and detbamer. a
water-soluble silicone, were used as obtained.

RDX Grade A Class I and Class 5 were received from l lanwha Co.

2-2. Preparation and characterization of graft copolymers

According to Fig. 1, the graft co]X)lymer was prepared by solution polymerization which
was canned out in a 2 - 41, reactors. The reactor was additionally fitted with cooling
condenser, thermocouple, and in nitrogen gas at fiK'C.

Particularly, the calorimeteric data of graft copolymerizations led to thermodynamic
parameter from the reaction cnlor t ineter(RC-le ,Metl ler) and pnxlictive heat flow model which
allowed simulations of the requred pilot plant.

The reaction solution was prepared by stirring (>00g of given ratio of PS macromonomer
(30wt%> and n-BA(70wt%). and about 0.3g A1BN in l,500g I)MSO/Bz( I / I ) mixture solvent
unt i l the solution was homogenious for more Ihr at room temperature. The reactants was
stirred in 68'C for 20hrs. After polymerization was completed, the product was recovered by
pouring into methanol/water (70/30 vol.%) non-solvent and then finally dried in vacuum oven
at 70'C.
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I I - N M R spectra were recorded by a Bruker 200MHz sixvtrometer in CDCb solvent and

chemical shifts were reported in ppm units with tetramethylsilane as the internal standard.
The com]X)sition of graft copolymer binders were calculated from these 'H-NMK spectra
using the relative intensities of the peaks due to phenyl at 5 fi.5 - 7.0 and other proton peaks
as shown in Fig. 2, and checked satisfactorily for some samples by L'V spectrometer.

(b)

(a)

Fig. 2. 1H-NMR spectra of P(n-BA)-g-PS copolymers with different PS

macromonomer contents : (a) 0 wt.% and (b) 30 wt.%

Molecular weight(Mw) and polydispersity(PD) of graft copolymers were obtained using gel
permeation chromatography(GPC, Waters 600) with a L'ltrastyragel columns connected in
series, HR 3 - HR 5E - HR 1 and with a differential refractive index detector. The molecular
weight calibration curve was obtained by the monodisperse polystyrene standards and
tetra hydro fur an (THF) was used as the eluent at a flow rate of 1 ml/min. al 40"C.

Differential scanning calorimetric analysis(DSC), and thermogravimetric analysis(TGA) were
conducted as described elsewhere.
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2-3. Preparation of molding powders

Preparation of RDX/Binder/DO A (92/8/0 ~ 92/6.5/1.5 wt.%) compositions :
These compositions were prepared by the following slurry mixing process as shown in

Fig. 3. A slurry of bimodal RDX (Class I/V=3/1 wt. ratio) and water were vigorously stirred

at 450rpm for 30 minutes at 50°C, and then the lacquer solution consisting of 360g graft

copolymer binder and 3,600g MEK as the solvent was added. Some additives such as gelvatol
and defoamer were added, if required, while the coagulation was completed. The stirred slurry
was chilled in ice-water, and then the product was obtained by filtcration and washed

throughfully with water. The product was finally dried in an oven room at 60°C.

Scanning electron microscopy (Jeol JXA-840A) was used to obtain the microphotographs
of molding powders. The instrument was operated at 20 KeV and the samples were coated
with a conducting film of gold.

WATER

1PA

Slurry
50

350

RDX MEK 1 | Bl

GELVATOL

Kettle Lacquer Kettle
C 50 C / 2 lit
rpm 150 rpm

Flocculation
& Aging

Quenching i

Distillation j -|QQ°C

Cooling &

Washing Product

Fig. 3. The water-slurry process for manufacturing molding powder.
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2-4. Mechanical Properties

Dynamic mechanical analysis was performed on a dynamic spectrometer from
Rheometrics(RD$-n ) wi th the torsion rectangular shear testing geometry. The instrument
was used in the temixTutnre and dynamic s train!/) modes. Temperature sweeps wre

recorded between -100"C and 150('C for the graft copolymers and the RDX/Binder/DOA
composilions.

The complex shear modulus ( G + ) has been determined by measuring its copulymer and
composition: the shear storage moduluslG' ) and the shear loss modulus(G") were measured

from Rheometri.cs.
Tensile mechanical analysis was ijer formed on an Instron apparatus Model 1 \.22 at room

temperature using a crossbead speed of 50 mm/min.

2-5. Safety Evaluation

Impact sensitivity was determined by using Impact Tester (Julius Peters Co.). The values
of impact sensitivity were derived from the energy for a 50% probability of ignition.

Friction sensitivity was also measured by using Friction Tester (Julius Peters Co.), The
values of friction sensitivity were derived from the energy for a 50% probability of ignition.

Vacuum themal stability and cycle test were performed according to ADIX Korea)
procedures.

Large scale gap test(LSGT) was used to evaluate the shock sensitivity. The donor used
was two tetryl pellets (d=1.57g/cc, dia.^50.8mm, leng.=25.4mm) attenuated by PMMA or
cellulose acetate cards (thickness=0.j!f>4mm). The acceptor was four 36mm dia. x 35mm height
pressed explosives (TMD > 98.5%) under the study. The results of LSGT was confirmed by
using a rnild steel witness plate and obtained in the numbers of cellulose acetate cards for a
50% detonation probability.

The cook-off behavior was assessed by the small scale fast cook-off bomb test. The small
scale fast cook-off bomb consisted of two 65mm dia. x 60mm height pressed explosives
(TMD > 98.5%), a heating mantle (220V, 28.0ohm), and a thermocouple (copper-constantan,
T-type) that detect the surface temperature changes of explosive. The heating rale was about
2T/sec. The result of the test was confirmed by using the criteria for evaluating fast
cook-off test.

The SUSAN test(Ref.B) is a method to measure the initiation behavior and the reaction
growth characteristic of explosive in relation to impact energy, when the projectile loaded
with test explosive is collided into a hard target. The test facilities consist of 80mm

smooth-bore gun, armor-plate and measuring system. The basic test fixture is a cylindrical
type projectiles (80mm dia. x 230mm leng., approximately 5Kg weight) loaded with a
sample.(51.6mm dia. x 101.6mm leng., 350g weight).

The projectile is fired from smooth-bore gun to armor-plate which apart 3800rnrn from gun.
Impact is normal to the flight path of the projectiles. The velocities of the projectiles are
varied from 50m/sec to 500m/sec which are dependent on the response of the sample.
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3. Results and Discussions

3-1. Polymerization and characterization of graft copolymers

To produce the graft eopolymcTs with polystyrene side chains, the solution polymerization

of n-butyl acrylate and PS macromonomer wi th molecular weight of IS,000 g/mol was carried

out. The concentration of the reaction solution was maintained at 40% (w/w) and rnacrophase
separation did not take place during the copolymerization. This undesirable phenomenon easily

occurs at higher concentrations, espe/eially wi th the high molar mass macromonomers.
In Table 1, they were shown the characteristics of some graft coixilymers prepared in th is

study. The macromonomer content in the graft copolymers was determined by I I - N M K . It
was observed that the measured amounts of PS macromonomer in the graft copolymer were

relatively close to the added amounts. It meant that the conversion of polymerization was
very high. The average number of grafts per copolymer molecule, graft level(n), was

estimated by ihe following equation, n - IM^ui; ^POK™* / MP.I-S rnac™™™™.-^ x Wrs ™(T,«!«.-«.:»>•,-,
where iVIp.^-..^ o.^iynwr was the molecular weight of the graft copolymer at peak as determined

by GPC, MU.CS m;i [ -n>m<. i i<>! iM' i , the peak molecular weight of PS macromonomer, and Wi>s
niiwn.mnn-.mt-i-, the weight fraction of the PS macromonomer in the graft copolymer. It showed the

anticipated trend that as the content of PS macromonomer in the graft copolymer was
increased, the average graft level was increased. The graft efficiency was determined from
GPC results. The graft copolymers were used as binders in manufacturing molding powder

without any more purification like removal of unreacted macromonomer because the graft

efficiency reached nearly 90%.

Table 1. Characteristics of graft coi>olymers(P(n-BA)-g-PS) prepared by free radical
copolymerixation in MEK solvent.

Macromer content
Mpeak Mw

( \ \  "-M

Added

5.0

15.0
25.0

35.0

Measured'"

6.40

17.8
25.9

35.5

x 10 J

(g/inol)

97.0

75.0
97.0

97.0

x 10 '

(g''mol)

121.8

117.2
129.9

123.3

Mw/M-i n '

2.52

3.08

0.48

1.03
3.2H 1.93

3.07 2.65

(Ira ft
I c

etliciencv
( C )

( ' , '„) ' .

84.3 : - 44.9

93.0 -41.7
S.S.7 - 36.9

91.3 - 33.5

a) measured by I I -NMU
b) draft level ; calculated number of branches

* - ' Ip .Ki ' . i t* (.'Dixilvniw .>l | i , I 'S

c) measured bv CiPC

coix>lyrner molecule
VV l"

123



The glass transition temperature(Tg) of polyln-butyl aerylate) phase in graft cupolymer

increased with PS macromonomer content in graft copolymcr, but Tg of PS phase in graft

cupolymer was not detected clearly by DSC, as shown in Fig. 4. This behavior showed that

the miscibility between PS phase and P(n-BA) phase in graft copolymer was increased by
covalem bonding between two phases, which was confirmed bv TEM.

M 251.

1O 450 Hate . 10 0 'C /ml r
File: OOC57 003 DSC HETTLER ifi-«ug-93

Fig. 4. DSC thermograms of P(n-BA)-g-PS copolymers with different PS

macromonomer contents : (a) PS macromonomer, (b) Mac. 35wt.%,

(c) Mac. 25wt.%, (d) Mac. 15wt.%, (e) Mac. 5wt.%, and (f) P(n-BA).

The dynamic mechanical properties of graft copolymers are determined primarily by the
mutual solubility of the two homopolymers with diffcment PS macromonomer contents. The
copolymer are completely soluble in one another the properties of the mixture are nearly the
same as those of a random copolymer of the same composition.

Fig.5. represents temperature sweep of the graft copolymers that the glass transition

temperature(Tg) about -40°C and soft rubber point about 70°C - 80°C. It is to be noted that

molecular weight of copolymer affected the glass transition temperature and melting point
range.

The dynamic mechanical properties of RDX/Binder/Plasticizer compositions are nearly the
same as the those a graft copolymers at the range of temperature -100°C - 150°C, as
shown in Fig.6. The plasticizer in compositions dissolve it completely in the polymer and the
major effect of plasticizer is to lower the glass transition temperature(Tg) and the soft point
temperature. The dynamic mechanical properties of RDX/Binder/Plasticizer compositions also
broaden the stear storage modulus(G') and the shear loss modulus(G") more than its
copolymers.
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Fig.5. Dynamic mechanical properties of the graft copolymer(P(n-BA)-g-PS
(30wt.%)) at the range of temperature -100*0 -~ 150°C.
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Fig.6. Dynamic mechanical properties of the RDX/Binder/DOA(92/7.0/1.0)
compositions at the range of temperature -100T: ~ 150T:.
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3-2. Safety evaluation for compositions

The results of safety tests for RDX/Binder(02/8 wt.". .) compositions were shown in Table

2. In Table 2, there were three kinds of binders with different PS macromonomer contents,

20, 30, and 35 wt.%, respectively. Results of impact and fr ic t ion sensitivity test showed that ,

regardless of binders used in those comix>silions, all compositions desensitised RDX.

Table 2. Results of safety tests for RDX/Binder compositions.

Composition
RDX/Binder1 RDX/Binder" RDX/Binder"

est

Impact sensitivity

( J r"

Friction sens i t iv i ty

Gap test
(card numbers)

10.1 - 12.6

Fast cook-off test

Vacuum thermal

stability (ml/cc)

Explosion'' Explosion' Explosion'

1) Binder : P(n-BA)-K-PS(20wt."<>) eopolynx'r
2) Binder : P(n-BA)-g-PS(30wt."<>) coixilymer

3) Binder : l>(n-BA)-H-PS(35wt.%) coixilymer

~\) rc'maincd trace of explosive on parts after test

5) Result of RDX : 4 - 7 J

6) Result of RDX : 19 - 24K,.f

The result of LSGTU.arge scale ^ap lost) was expressed in terms of the numbers of

cards for a 50% detonation probability and showed about 235 cards regardless of ^raft

copolymers wi th different PS macromonomer contents. The shock sensitiveness of these

compositions was equivalent, when compared to that of other pressable PBX.

The excellent result was observed in the small scale fast cook-off test. All compositions

tiave mild explosion at the fast heating rale (2- 3'C/sec.) and remained some traces of

explosive, on parts after the test, as shown in Ftg. 7. Good agreement was generally obtained

on replicate tests at the same experimental condition, but the reason for this phenomenon at

the fast cook-off test was not easily explained. However, it could be considered that the

cndothermic behavior of graft copolymers observed from the DSC stuck' was attributed to the
mild reaction.
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In an effort to desensitize the impact and shock sensitiveness of the compositions, the
plasticizer, DOA, was used to soften the molding powder, to promote polymer coating on the

surface of the crystals, and to act as a heat sink to prevent hot spot formation.

o RDX/Binder/DOA(9Z/7.5/0.5)

o Small Scale Fast Cook Off

o 1996. 10. 26

o ADD (Korea)

Fig. 7. The result of fast cook-off bomb test.

The results of safety tests for RDX/Binder/Ptasticizer compositions were shown in Table

3, together with results for unplasticized composition for comparison. In these compositions,
the binder was the graft copolymer with 30wt.% of PS macromonomer content and the

plasticizer was DOA.
The impact and friction tests showed that the DOA plasticizer had considerable

desensitizing power on its pressable explosive formulations. Three kinds of RDX/Binder/DOA

(92/7.5/0.5, 92/7/1 and 92/6.5/1.5wt.%) compositions were prepared and reduced impact

sensitiveness relative to the compositions prepared with unplasticized binder.

In the small scale fast cook-off tests, two compositions containing DOA plasticized binder

showed similar phenomenon that was mild cook-off reaction (partial explosion) at the fast

heating rate.
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Table 3. Results of safety tests for RDX/Binder/Plasticizer compositions.

" -., Composition

^,]wt..%)

Test

Impact sensitivity

(Joule)

Friction sensitivity
(K E . f )

Gap test
(card numbers)
Shock pressure

Fast cook-off test

Vacuum thermal

stability (mi/cc)

Cycle test
(volume?^)

Susan test

(Vcr, m/s)

RDX/Bindcr/DOA

(92/8/0)

11.1

24.5

235 > 5
13.8Kbar

Explosion1'

0.10

RDX/Bindcr/DOA

(92/7.5/0.5)

13.1

26.5

188 -f 5

22.3Kbar

Explosion"

0.06

crack
(0.4)

< 300

RDX/Bindcr/DOA

(92/7.0/1.0)

12.4

26.8

186 f 5

23.0Kbar

Explosion1'

0.17

no crack
(0.4)

< 250

RDX/Binder/DOA

(92/6.5/1.5)

16.9

25.3

184 .h 5

23.5Kbar

—

0.17

no crack
(0.5)

I ) remained trace of explosive on parts after test

: Binder ; P(n-BA)-g-PS(30wt.%) copolymer

According to the result of LSGT, two compositions with DOA plasticizer were much less
shock sensitive than unplasticized compositions and had comparatively low card numbers of
about 185 cards( shock pressure, 23.5K.bar) for a 50% detonation probability, while other
unplasticized compositions had about 235 card numbers (shock pressure, 13.8Kbar). It was

suggested that the shock sensitiveness between unplasticized and plasticized compositions was
influenced by the coating efficiency of the TPE binder on the surface of RDX crystals. The

coating efficiency of compositions with and without DOA plasticizer could be qualitatively
measured by scanning electron microscopy(SEM). Some representative microphotographs of

these compositions and RDX Grade A (Class I/V-3/1) crystals were compared in molding

powder. The RDX/Binder/DOA compositions showed that the graft copolymer binder was

deposited in a uniform film over the surfaces of the crystals, while the RUX/Binder
compositions showed relatively poor coating efficiency. From the above result, it was
concluded that the DOA plasticizer played a major role in coating efficiency of graft
copolymer binder.

According to the result of cycle test, RDX/Binder/DOA(92/7.5/0.5 wt.%) compositions were

remained some crack, but the DOAO.O ~ 1.5wt%) compositions were not remained traces.
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Fig. 8. Result of the SUSAN test for RDX/Binder/Plasticizer(92/7.5/0.5)
compositions : o; low molecular weight, •; high molecular weight.

Fig. K. indicates the SUSAN Test results of RDX/Binder/Plasticizer composition compared
with that of Comp-B and TNT. The test result showed that the SUSAN impact sensitivity
of RDX/Binder/Plasticizer comijosition was equivalent to thai of TNT.

Ignition does not appear al velocities below 80rn/see, and when ignition does occur, the
reaction progresses mildy with no violent reactions observed even at velocities up to
400m/sec. Therefore RDX/Binder/Plastieizer compositions are very safe in SUSAN impact
sensitivity test.

4. Conclusions

The graft eopolymers without side reaction were polymerized by conventional, free-radical
solution eopolymerization ol' n-butyl arryhite monomer and polystyrene macromonomer. and
then characterized by ' l l - N M K . GPC, DSC etc.

We have been investigated the condition of controlled molecular wdght(Mw) between
500,000 - 1,100,000 and improved mechamical properties of graft eopolymers at the range of
temperature -100"C - 150V.

These copolymer/plasticizer system coated RDX well by the water-slurry method. Uniform
coated molding powders were obtained.
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The safety stability of pressable PBX was improved when the graft copolymers was used

as low vulnerable binder. In the fast cook-off bomb test, these formulations showed mild

reaction cook-oil behavior and was proved to be heat resistance.

The effect of DOA plastici/er in pressable PBX cnchanced the binder coating efficiency on
the surface1 of the high explosive crystals. As a result of the improved coating efficiency,

mechanical properties, some desensitizalkm to impact and shock stimuli was provided to
pressable explosives. In particular, shock desensitiveness was highly improved from 23;> card
numbers(shock pressure, 13.8Kbar) to 185 card nnmbcrstshock pressure, 23.5Kbarl.

Therefore, it was concluded that the P(n-BA)-g-PS coixilymers (TPIC) and DOA offered

many advantages to impact, heat, and shock sensitiveness, when they were used as low
vulnerable binder (TPKI and plasticizer based pressable PBX.
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STUDIES ON NICKEL-POTASSIUM PERCHLORATE-HTPB BASED
PYROTECHNIC COMPOSITIONS

Reuben Daniel, Handwar Si
High Energy Materials Research Laboratory, Pashan, Punc, India.

ABSTRACT

Recent trend in pyrotechnics is to incorporate binder cum fuel, which influences the
combustion process to produce the desired end effects. In the present study, HTPB was
used as a binder with Nickel (Ni), potassium perchlorate (KP) pyrotechnic system. These
compositions were made by pressing technique and studies were conducted on inverse
burning rates, exothermicity (partial and full heat of combustion) along with thermal
decomposition behaviour for various pyrotechnic compositions. In addition, impact and
friction sensitivities and IR output of these compositions were also measured. Ni-KP-HTPB
based composition exhibited inverse burning rates of 5.5 sec/cm - 2 . 5 sec/cm for 46-75%
Ni. The partial heat of combustion varied between 1038 cal/g and 387 cal/g in atmospheric
air, between 875 cal/g and 238 cal/g in inert (argon) atmosphere for compositions
containing 30-75% Ni respectively. In excess of oxygen, complete combustion took place
giving heat output in the range of 1040 cal/g to 1 2 1 1 cal/g Thermal decomposition studied
by DSC indicated exothermic reaction taking place at 207°C, 370°C, 5I5°C and 612°C for
30:70:10 (Ni:KP:IITPB) composition. TG showed weight loss at the end of the thermal
decomposition process. Infrared output was maximum in the 3 - 5 jj. range. Impact
sensitivity was in the region of 45-90 cm (height of 50% explosion) with 2 kg drop weight,
whereas compositions were found to be safe from friction sensitivity except 30 and 46% Ni
based compositions (friction sensitivity of 25 and 28 kg). End product analysis showed the
presence of NiO and KC1 as the decomposition products

I. INTRODUCTION

Pyrotechnic mixtures usually contain a good fuel or electron donor that reacts with
oxidiser liberated oxygen to produce oxidised products plus heat The heat released by the
occurance of the high energy reaction raises the temperature of the next layer of the
composition. If the heat evolution and the thermal conductivity are sufficient to supply the
required activation energy, to the next layer, further reaction takes place liberating
additional heat and propagation of the reaction down the length of the column. The
combustion process is a very complex phenomenon involving high temperature and
chemistry of a variety of short lived high energy chemical species. The burning
characteristics of Zr and Zr/Ni alloys with KP (potassium perchloratc) are reported in the
literature (Ref. 1,2,3). In these investigations it has been brought out that even a small
percentage of binder can reduce the rate of combustion and the temperature and humidity
of the combustion process We have earlier reported results of the study on HTPB - Zr - KP
system. Hydroxy terminated polybutadiene (HTPB) has been found to be a promising
non-intcrferring binder for the Zr based pyrotechnic compositions and inverse burn rales
were increased with 25-75% Zr (Ref.4)
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Combustion of Ti and Zr particles with KNO? as oxidiser has been studied by
Kubota et al (Ref.5) to elucidate the reaction processes of these compositions. Both Ti and
Zr particles react exothermically and burning rate of Ti/KNO* system was found to be more
sensitive to pressure than that of Zr/KNO? system In the present study, pyrotechnic
compositions based on Ni, KP and HTPB were prepared with a stiochiometric ratio of
63/37 Ni/KP The percentages of the fuel and the oxidant were varied on the basis of their
mole fractions and compositions were formulated with 30-75 % Ni.10 parts per 100 parts of
HTPB was used in all the formulations (Table I ) .

2. EXPERIMENTAL

Fine nickel metal powder of average particle size of 2.5 u having purity of 99.4%
and KP of average particle size of 6.4 u with purity of 99% were used. HTPB of molecular
weight 3000 - 3500 with hydroxyl number 42 (mg KOH/g) was used. The compositions
were prepared by mixing Ni, KP on the basis of their mole fractions and 10 parts of HTPB
(60:40 HTPB:DOA) was added to the mix and granulated Toluenediisocyanate (TDI) was
used as the cross-linker and ferric acetyl acetone (FAA) was used as the curing catalyst. The
thermochemical characteristics of the pyrotechnic samples were evaluated on a NETZSCH
STA 409 thermal analyser. Differential Scanning Calorimetry (DSC) and Thermogravimetry
(TG) were recorded simultaneously with lOmg sample at a heating rate of 10°C/min.
Combustion Calorimetry was carried out using Ig of composition (loose powder) in air,

argon and excess of oxygen supply ( 5 Kg/cm ) in a Parr 1241 adiabatic bomb calorimeter.
IR spectra of the combustion residues were recorded on a Perkin Elmer FTIR model 1605
spectrophotometer in KBr matrix.

The Impact sensitivity of these compositions were determined using a 2 Kg drop
weight and the friction sensitivity was carried out on a Julius Peters apparatus. Infrared

radiations during combustion were recorded on an IR radiometer SR 5000 at three different
wavelengths (2-2.4,3-5, and 8-13 u ). For these measurements the compositions were
pressed into 20mm diameter tracer tubes with paper liners. 20 ±1 g composition were
pressed at 636 kg/cm2 pressure with Ig Mg/BaO2 (20/80) as priming

3.RESULTS AND DISCUSSIONS

3.1 Sensitivity of the compositions.

The purpose of sensitivity test is manifold and depends on the parameters of design
and the degree of safety that must be met during processing, evaluation, handling,
transportation and storage The growing realisation that the information on sensitivity of
pyrotechnic compositions to impact and friction and static charge is desirable not only for
safety purposes but also as a help in elucidating reaction mechanism, though exact
correlation have not been obtained. Pyrotechnic compositions studied were subjected to
Impact and Friction tests. Impact sensitivity of the pyrotechnic compositions decreased with
increase in metallic fuel content and reduction in oxidiser content. Height of 50% explosion
increased from 44.5 cm to 94.5 cm, which is close to tetryl (90-100cm) under similar
conditions. Compositions were found to be safe from the point of view of friction sensitivity
as most of the compositions are insensitive to friction upto 36 Kg, except for 30 and 46 %
Ni based formulations which showed friction sensitivity of 25 2 and 28.2 Kg respectively
Table 1
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3.2 Exothermicity Measurements

Heat evolved during combustion of pyrotechnic composition is important from the
point of view of their applications to the various pyrotechnic systems. Both heat evolved per
unit mass and heat evolved per unit volume are important from application angle,
particularly for volume restricted system The reaction exothermicities of the compositions
were measured in atmospheric air (partial combustion) as well as in an inert atmosphere of
argon (calorimetric value) and also in excess of oxygen (calorific value). From the results
presented in Table 2, it can seen that in atmospheric air maximum exothcrmicity was shown
by 30 and 46 % Ni based compositions and values decreased progressively as the
percentage of Ni oxygen was increased. A similiar trend was observed in argon atmosphere.
However, heat of combustion in excess of oxygen exhibited increase in exothermicity in the
range of 1040 - 1210 cal/g. Thus, maximum exothermicity for this scries of Ni:KP:HTPB
based compositions lies in the range of 1100 cal/g ±100 cal/g.

3.3 Thermochemical Reactions

Fig 1 shows the DSC patterns of two typical Ni : KP : HTPB based
compositions a) 30:70:10 and b) 75:25:10. along with the TO curves. From the DSC curve
it is seen that there is an exothermic peak at around 207 °C, probably due to pre ignition
reaction before the commencement of main reaction between Ni & KP at around 370 °C.
This is confirmed by the drop in weight of the sample by (TG), which was nearly 42 %,
Further, two exotherms were observed at 515 °C and 612 °C, which may be due to the
oxidation of unreacted Ni, confirmed by gain in weight by TG Finally,an endothennic peak
was observed at 769 °C, which probably may be due to the decomposition of unreacted KP,
which generally takes place at around 600 °C. In case of 75:25.10 ( Ni : tCP : HTPB ), the
TG curves show weight loss corresponding to the amount of fuel and oxidant that react and
the weight gain corresponding to the amount of unreacted Ni which gets oxidised. This
weight gain increases from 5 5 % for 30% Ni based compositions to 12.7 % for 75% Ni
based compositions. Also the total weight loss in the sample at the end of the reaction was
nearly 35-55%.

3.4 Burn Rate Measurements

The most important parameter of any pyrotechnic composition is the burning rate.
The maximum burning rate is generally obtained for slightly fuel rich pyrotechnic
composition than the stiochiometrically balanced composition in view of enhanched heat
transfer, particularly if the fuel is a metal powder. Table 3 shows the inverse burning rate
of the Ni:KP:HTPB compositions in lead tubes as well as in tracer tubes The inverse
burning rate in the lead tubes decreased from 5.5 sec/cm to 2.5 sec/cm. In the tracer tubes
the inverse burning rate decreased from 12.0 sec/cm to 9.0 sec/cm and then it increased.
This may be due to the fact that as the proportion of fuel increases the burning rate becomes
faster until a maximum is reached as sufficient oxygen is available for combustion and then it
slows down again with further addition of fuel (Ref 6), due to non-availability of oxygen for
efficient cumbustion. Thus, the percentage of the metal fuel in the compositions plays a
decisive role in the burn times of the pyrotechnic compositions. These observations are in
agreement with the findings reported earlier. (Ref 7).


