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Preface to this 4" English edition

Everything which has been said in the preface to the first German, as well as in

the first to third English editions, still holds and essentially does not need any

addition or correction. In this revised fourth edition in English, the manuscript has
been updated and various recent aspects of energetic materials have been added:

(i) Some errors, which were unfortunately present in the third edition, have been
corrected, and the references have also been updated where appropriate.

(ii) The chapters on shaped charges, visible pyrotechnics, smokes (addition of
P5Ns), primary explosives (MTX-1), composite and double-base propellants,
and Gurney energy have been updated.

(iii) Four new chapters on Electric Detonators (5.4), Detonation velocity from Laser
Induced Air Shock (9.7), Thermally Stable Explosives (9.8), and Explosive
Welding (13.5) have been added.

In addition to the people thanked in the German and first three English editions,
the author would like to thank Professor Dr. Mohammad H. Keshavarz, Dr. Tomasz
Witkowski, Col. Dr. Ahmed Elbeih, Cpt. Mohamed Abd-Elghany, M.Sc. and Lt. An-

dreea Voicu, M.Sc. for many inspired discussions.

Munich, July 2017 Thomas M. Klapotke
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Preface to the 3 English edition

Everything which has been said in the preface to the first German and first and

second English editions still holds and essentially does not need any addition or

correction. In this revised third edition in English the manuscript has been up-

dated and various recent aspects of energetic materials have been added:

(i) some errors which unfortunately occurred in the first and second editions have
been corrected and the references have also been updated where appropriate.

(ii) The chapters on critical diameters, delay compositions, visible light (blue)
pyrotechnics, polymer-bonded explosives (PBX), HNS, thermodynamic calcula-
tions, DNAN, smoke (yellow) formulations and high-nitrogen compounds have
been updated.

(iii) Five new short chapters on Ignition and Initiation (chapters 5.2 and 5.3), the
Plate Dent Test (chapter 7.4), Underwater Explosions (chapter 7.5) and the
Trauzl Test (chapter 6.6) have been added.

In addition to the people thanked in the German and first and second English
editions, the author would like to thank Dr. Vladimir Golubev and Tomasz Witkow-
ski (both LMU) for many inspired discussions concerning hydrocode calculations.
The author is also indebted to and thanks Dr. Manuel Joas (DynITEC, Troisdorf,
Germany) for his help with the preparation of chapters 5.2 and 5.3.

Munich, October 2015 Thomas M. Klapotke
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Preface to the 2" English edition

Everything said in the preface to the first German and first English editions still

holds and essentially does not need any addition or correction. In this revised sec-

ond edition in English we have up-dated the manuscript and added some recent

aspects of energetic materials:

(i) We have tried to correct some mistakes which can not be avoided in a first
edition and also updated the references where appropriate.

(ii) The chapters on Ionic Liquids, Primary Explosives, NIR formulations, Smoke
Compositions and High-Nitrogen Compounds were updated.

(iii) Two new short chapters on Co-Crystallization (9.5) and Future Energetic Materi-
als (9.6) have been added.

In addition to the people thanked in the German and first English edition, the
author would like to thank Dr. Jesse Sabatini and Dr. Karl Oyler (ARDEC, Picatinny

Arsenal, NJ) for many inspired discussions concerning pyrotechnics.

Munich, May 2012 Thomas M. Klapotke
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Preface to the first English edition

Everything said in the preface to the first German edition remains valid and essen-
tially does not need any addition or correction. There are several reasons for trans-
lating this book into English:

— The corresponding lecture series at LMU is now given in English in the post-
graduate M.Sc. classes, to account for the growing number of foreign students
and also to familiarize German students with the English technical terms.

— To make the book available to a larger readership world-wide.

— To provide a basis for the author’s lecture series at the University of Maryland,
College Park.

We have tried to correct some omissions and errors which can not be avoided in a
first edition and have also updated the references where appropriate. In addition,
five new chapters on Combustion (Ch. 1.4), NIR formulations (Ch. 2.5.5), the Gurney
Model (Ch. 7.3), dinitroguanidine chemistry (Ch. 9.4) and nanothermites (Ch. 13.3)
have been included in the English edition. The chapter on calculated combustion
parameters (Ch. 4.2.3) has been extended.

In addition to the people thanked in the German edition, the author would like
to thank Dr. Ernst-Christian Koch (NATO, MSIAC, Brussels) for pointing out various
mistakes and inconsistencies in the first German edition. For inspired discussions
concerning the Gurney model special thanks goes to Joe Backofen (BRIGS Co., Oak
Hill). Dr. Anthony Bellamy, Dr. Michael Cartwright (Cranfield University), Neha
Mehta, Dr. Reddy Damavarapu and Gary Chen (ARDEC) and Dr. Jorg Stierstorfer
(LMU) are thanked for ongoing discussions concerning secondary and primary ex-
plosives.

The author also thanks Mr. Davin Piercey, B.Sc. for corrections and for writing
the new chapter on nanothermites, Dr. Christiane Rotter for her help preparing the
English figures and Dr. Xaver Steemann for his help with the chapter on detonation
theory and the new combustion chapter. The author thanks the staff of de Gruyter
for the good collaboration preparing the final manuscript.

Munich, January 2011 Thomas M. Klapotke
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Preface to the first German edition

This book is based on a lecture course which has been given by the author for
more than 10 years at the Ludwig-Maximilian University Munich (LMU) in the post-
graduate Master lecture series, to introduce the reader to the chemistry of highly
energetic materials. This book also reflects the research interests of the author. It
was decided to entitle the book “Chemistry of High-Energy Materials” and not sim-
ply “Chemistry of Explosives” because we also wanted to include pyrotechnics,
propellant charges and rocket propellants into the discussion. On purpose we do
not give a comprehensive historical overview and we also refrained from extensive
mathematical deductions. Instead we want to focus on the basics of chemical ex-
plosives and we want to provide an overview of recent developments in the re-
search of energetic materials.

This book is concerned with both the civil applications of high-energy materi-
als (e.g. propellants for carrier or satellite launch rockets and satellite propulsion
systems) as well as the many military aspects. In the latter area there have been
many challenges for energetic materials scientists in recent days some of which
are listed below:

— In contrast to classical targets, in the on-going global war on terror (GWT), new
targets such as tunnels, caves and remote desert or mountain areas have be-
come important.

— The efficient and immediate response to time critical targets (targets that move)
has become increasingly important for an effective defense strategy.

— Particularly important is the increased precision (“we want to hit and not to
miss the target”, Adam Cumming, DSTL, Sevenoaks, U.K.), in order to avoid
collateral damage as much as possible. In this context, an effective coupling
with the target is essential. This is particularly important since some evil re-
gimes often purposely co-localize military targets with civilian centers (e.g. mil-
itary bases near hospitals or settlements).

— The interest in insensitive munitions (IM) is still one of the biggest and most
important challenges in the research of new highly energetic materials.

— The large area of increasing the survivability (for example by introducing
smokeless propellants and propellant charges, reduced signatures of rocket
motors and last but not least, by increasing the energy density) is another vast
area of huge challenge for modern synthetic chemistry.

— Last but not least, ecological aspects have become more and more important.
For example, on-going research is trying to find suitable lead-free primary ex-
plosives in order to replace lead azide and lead styphnate in primary composi-
tions. Moreover, RDX shows significant eco- and human-toxicity and research
is underway to find suitable alternatives for this widely used high explosive.
Finally, in the area of rocket propulsion and pyrotechnical compositions, re-
placements for toxic ammonium perchlorate (replaces iodide in the thyroid

https://doi.org/10.1515/9783110536515-207
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Xii =—— Preface to the first German edition

gland) which is currently used as an oxidizer are urgently needed. Despite all
this, the performance and sensitivity of a high-energy material are almost al-
ways the key-factors that determine the application of such materials — and
exactly this makes research in this area a great challenge for synthetically ori-
ented chemists.

The most important aspect of this book and the corresponding lecture series at
LMU Munich, is to prevent and stop the already on-going loss of experience, knowl-
edge and know-how in the area of the synthesis and safe handling of highly ener-
getic compounds. There is an on-going demand in society for safe and reliable
propellants, propellant charges, pyrotechnics and explosives in both the military
and civilian sector. And there is no one better suited to provide this expertise than
well trained and educated preparative chemists.

Last but not least, the author wants to thank those who have helped to make
this book project a success. For many inspired discussions and suggestions the
authors wants to thank the following colleagues and friends: Dr. Betsy M. Rice, Dr.
Brad Forch and Dr. Ed Byrd (US Army Research Laboratory, Aberdeen, MD), Prof.
Dr. Manfred Held (EADS, TDW, Schrobenhausen), Dr. Ernst-Christian Koch (NATO
MSIAC, Brussels), Dr. Miloslav Krupka (OZM, Czech Republic), Dr. Muhamed Suces-
ca (Brodarski Institute, Zagreb, Croatia), Prof. Dr. Konstantin Karaghiosoff (LMU
Munich), Prof. Dr. Jiirgen Evers (LMU Munich), as well as many of the past and
present co-workers of the authors research group in Munich without their help this
project could not have been completed.

The author is also indebted to and thanks Dipl.-Chem. Norbert Mayr (LMU Mu-
nich) for his support with many hard- and soft-ware problems, Ms. Carmen Nowak and
Ms. Irene S. Scheckenbach (LMU Munich) for generating many figures and for read-
ing a difficult manuscript. The author particularly wants to thank Dr. Stephanie
Dawson (de Gruyter) for the excellent and efficient collaboration.

Munich, July 2009 Thomas M. Klapotke
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1 Introduction

1.1 Historical Overview

In this chapter we do not want to be exhaustive in scope, but rather to focus on
some of the most important milestones in the chemistry of explosives (Tab. 1.1).
The development of energetic materials began with the accidental discovery of
blackpowder in China (~ 220 BC). In Europe this important discovery remained
dormant until the 13% and 14" centuries, when the English monk Roger Bacon
(1249) and the German monk Berthold Schwarz (1320) started to research the prop-
erties of blackpowder. At the end of the 13 century, blackpowder was finally intro-
duced into the military world. However, it was not until 1425 that Corning greatly
improved the production methods and blackpowder (or gunpowder) was then in-
troduced as a propellant charge for smaller and later also for large calibre guns.
Even today, ca. 100,000 pounds of blackpowder are still used in the US military
per year.

One application in which BP is still in use is in “time blasting fuses”. They were
invented as early as 1831, and contain approx. 4.7 g/m BP in the core (see Fig. 1.1a).
The burn rate is about 135 m/s, and since they are RF safe (radio frequency), they
are very popular with the military.

Fig. 1.1a: Time Blasting Fuse.

https://doi.org/10.1515/9783110536515-001
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Tab. 1.1: Historical overview of some important secondary explosives.

substance acronym development  application density/g cm~3 explosive
power®
blackpowder BP 1250-1320 1425-1900 ca. 1.0
nitroglycerine NG 1863 in propellant 1.60 170
charges
dynamite Dy 1867 civil/commer- varies varies
cial only
picric acid PA 1885-1888 WW | 1.77 100
nitroguanidine NQ 1877 most in TLPs 1.71 99
trinitrotoluene TNT 1880 WW I 1.64 116
nitropenta PETN 1894 WW I 1.77 167
hexogen RDX 1920-1940 WW I 1.81 169
octogen HMX 1943 WW I 1.91 169
(B polymorph)
hexanitrostilbene HNS 1913 1966 1.74
triaminotrinitro- TATB 1888 1978 1.93
benzene
HNIW CL-20 1987 under evaluation 2.1

(e polymorph)

2 rel. to PA

The next milestone was the first small-scale synthesis of nitroglycerine (NG) by
the Italian chemist Ascanio Sobrero (1846). Later, in 1863 Imanuel Nobel and his
son Alfred commercialized NG production in a small factory near Stockholm
(Tab. 1.1). NG is produced by running highly concentrated, almost anhydrous, and
nearly chemically pure glycerine into a highly concentrated mixture of nitric and
sulfuric acids (HNO;/ H,SO,), while cooling and stirring the mixture efficiently. At
the end of the reaction, the nitroglycerine and acid mixture is transferred into a
separator, where the NG is separated by gravity. Afterwards, washing processes
using water and alkaline soda solution remove any residual acid.

Nitroglycerin (NG) showed itself to be extremely dangerous for blasting. Alfred
Nobel scrambled to find a solution, and in doing so, invented dynamite. His solu-
tion was to solidify the NG by adding diatomaceous earth (mineral powder). It was
not understood why this worked. It is now known that liquid HEs are sensitized
by cavitation bubble collapse. Liquid HEs are dangerous, because they are often
insensitive in pure form, but highly sensitized by aeration.

Initially NG was very difficult to handle because of its high impact sensitivity
and unreliable initation by blackpowder. Among many other accidents, one explo-
sion in 1864 destroyed the Nobel factory completely, killing Alfred’s brother Emil.
In the same year, Alfred Nobel invented the metal blasting cap detonator, and
replaced blackpowder with mercury fulminate (MF), Hg(CNO),. Although the
Swedish-German Scientist Johann Kunkel von Léwenstern had described Hg (CNO),
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Fig. 1.2: Molecular structures of nitroglycerine (NG) and nitrocellulose (NC).

as far back as in the 17 century, it did not have any practical application prior to
Alfred Nobel’s blasting caps. It is interesting to mention that it was not until the
year 2007 that the molecular structure of Hg(CNO), was elucidated by the LMU
research team (Fig. 1.1b) [1, 2]. Literature also reports the thermal transformation
of MF, which, according to the below equation, forms a new mercury containing
explosive product which is reported to be stable up to 120 °C.

3Hg(CNO), > Hg;(CN,0,);

After another devastating explosion in 1866 which completely destroyed the NG
factory, Alfred Nobel focused on the safe handling of NG explosives. In order to
reduce the sensitivity, Nobel mixed NG (75 %) with an absorbent clay called “Kie-
selguhr” (25 %). This mixture called “Guhr Dynamite” was patented in 1867. Despite
the great success of dynamite in the civil sector, this formulation has never found
significant application or use in the military sector.

One of the great advantages of NG (Fig. 1.2) in comparison to blackpowder
(75% KNOs, 10% Sg, 15% charcoal) is that it contains both the fuel and oxidizer
in the same molecule which guarantees optimal contact between both components,
whereas in blackpowder, the oxidizer (KNO5) and the fuel (Sg, charcoal) have to
be physically mixed.

At the same time as NG was being researched and formulated several other
research groups (Schonbein, Basel and Bottger, Frankfurt-am-Main) worked on the
nitration of cellulose to produce nitrocellulose (NC). In 1875 Alfred Nobel discov-
ered that when NC is formulated with NG, they form a gel. This gel was further
refined to produce blasting gelatine, gelatine dynamite and later in 1888 ballistite
(49% NC, 49% NG, 2% benzene and camphor), which was the first smokeless
powder. (Cordite which was developed in 1889 in Britain, had a very similar com-

printed on 2/13/2023 1:17 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



EBSCChost -

4 —— 1 Introduction

position.) In 1867 it was proven that mixtures of NG or dynamite and ammonium
nitrate (AN) showed enhanced performance. Such mixtures were used in the civil
sector. In 1950 manufacturers started to develop explosives which were waterproof
and solely contained the less hazardous AN. The most prominent formulation was
ANFO (Ammonium Nitrate Fuel Oil) which found extensive use in commercial
areas (mining, quarries etc.). Since the 1970s aluminium and monomethylamine
were added to such formulations to produce gelled explosives which could deto-
nate more easily. More recent developments include production of emulsion explo-
sives which contain suspended droplets of a solution of AN in oil. Such emulsions
are water proof, yet readily detonate because the AN and oil are in direct contact.
Generally, emulsion explosives are safer than dynamite and are simple and cheap
to produce.

Picric acid (PA) was first reported in 1742 by Glauber, however it was not used
as an explosive until the late 19" century (1885-1888), when it replaced blackpow-
der in nearly all military operations world-wide (Fig. 1.3). PA is prepared best by
dissolving phenol in sulfuric acid and the subsequent nitration of the resulting of
phenol-2,4-disulfonic acid with nitric acid. The direct nitration of phenol with nitric
acid is not possible because the oxidizing HNO; decomposes the phenol molecule.
Since the sulfonation is reversible, the —SOs;H groups can then be replaced with
—NO, groups by refluxing the disulfonic acid in concentrated nitric acid. In this
step the third nitro group is introduced as well. Although pure PA can be handled
safely, a disadvantage of PA is its tendency to form impact sensitive metal salts
(picrates, primary explosives) when in direct contact with shell walls. PA was used
as a grenade and as mine filling.

Tetryl was developed at the end of the 19™ century (Fig. 1.3) and represents
the first explosive of the nitroamino (short: nitramino) type. Tetryl is best obtained
by dissolving monomethylaniline in sulfuric acid and then pouring the solution
into nitric acid, while cooling the process.

The above mentioned disadvantages of PA are overcome by the introduction of
trinitrotoluene (TNT). Pure 2,4,6-TNT was first prepared by Hepp (Fig. 1.3) and its
structure was determined by Claus and Becker in 1883. In the early 20" century
TNT almost completely replaced PA and became the standard explosive during
WW I. TNT is produced by the nitration of toluene with mixed nitric and sulfuric
acid. For military purposes TNT must be free of any isomer other than the 2,4,6-
isomer. This is achieved by recrystallization from organic solvents or from 62 %
nitric acid. TNT is still one of the most important explosives for blasting charges
today. Charges are produced through casting and pressing. However, cast charges
of TNT often show sensitivity issues and do not comply with the modern insensitive
munition requirements (IM). For this reason alternatives to TNT have been suggest-
ed. One of these replacements for TNT is NTO (filler) combined with 2,4-dinitroani-
sole (DNAN, binder).

Nitroguanidine (NQ) was first prepared by Jousselin in 1887 (Fig. 1.3). How-
ever, during WW I and WW II it only found limited use, for example in formulations
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Fig. 1.3: Molecular structures of picric acid (PA), tetryl, trinitrotoluene (TNT), Nitroguanidine (NQ),
pentaerythritol tetranitrate (PETN), hexogen (RDX), octogen (HMX), hexanitrostilbene (HNS) and
triaminotrinitrobenzene (TATB).

with AN in grenades for mortars. In more recent days NQ has been used as a com-
ponent in triple-base propellants together with NC and NG. One advantage of the
triple-base propellants is that unlike double-base propellants the muzzle flash is
reduced. The introduction of about 50 % of NQ to a propellant composition also
results in a reduction of the combustion temperature and consequently reduced
erosion and increased lifetime of the gun. NQ can be prepared from dicyandiamide
and ammonium nitrate via guanidinium nitrate which is dehydrated with sulfuric
acid under the formation of NQ:

printed on 2/13/2023 1:17 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



EBSCChost -

6 =—— 1 Introduction

HN_ N NH,NO H,SO NH,
>C// \C%\ It B C(NHZ)?NO? Bl At 2 HZN_C;\
H,N N —HN—CN —H,0 N—NO,

The most widely used explosives in WW II other than TNT were hexogen (RDX)
and pentaerythritol tetranitrate (nitropenta, PETN) (Fig. 1.3). Since PETN is more
sensitive and chemically less stable than RDX, RDX was (and is) the most common-
ly used high explosive. PETN is a powerful high explosive and has a great shatter-
ing effect (brisance). It is used in grenades, blasting caps, detonation cords and
boosters. PETN is not used in its pure form because it is too sensitive. A formulation
of 509% TNT and 50 % PETN is known as “pentolite”. In combination with plasti-
cized nitrocellulose PETN is used to form polymer bonded explosives (PBX). The
military application of PETN has largely been replaced by RDX. PETN is prepared
by introducing pentaerythritol into concentrated nitric acid while cooling and stir-
ring the mixture efficiently. The then formed bulk of PETN crystallizes out of the
acid solution. The solution is then diluted to about 70 % HNO; in order to precipi-
tate the remaining product. The washed crude product is purified by recrystalliza-
tion from acetone.
Hexogen (RDX) was first prepared in 1899 by Henning for medicinal use. (N.B.
NG and PETN are also used in medicine to treat angina pectoris. The principal
action of these nitrate esters is vasodilation (i.e. widening of the blood vessels).
This effect arises because in the body the nitrate esters are converted to nitric oxide
(NO) by mitochondrial aldehyde dehydrogenase, and nitric oxide is a natural va-
sodilator.) In 1920 Herz prepared RDX for the first time by the direct nitration of
hexamethylene tetramine. Shortly afterwards Hale (Picatinny Arsenal, NJ) devel-
oped a process that formed RDX in 68 % yield. The two processes most widely used
in WW II were
1. the Bachmann process (KA process) in which hexamethylene tetramine dini-
trate reacts with AN and a small amount of nitric acid in an acetic anhydride
medium to form RDX (type B RDX). The yields are high, however, 8-12% of
HMX form as a side product.
2. the Brockman process (type A RDX) essentially produces pure RDX.

After WW II octogen (HMX) started to become available. Until today, most high
explosive compositions for military use are based on TNT, RDX and HMX (Tab. 1.2).

Since 1966 hexanitrostilbene (HNS) and since 1978 triaminotrinitrobenzene
(TATB) are produced commercially (Fig. 1.3). Both secondary explosives show ex-
cellent thermal stabilities and are therefore of great interest for the NAVY (fuel
fires) and for hot deep oil drilling applications (Fig. 1.3). Especially HNS is known
as a heat- and radiation-resistant explosive which is used in heat-resistant explo-
sives in the oil industry. The brisance of HNS is lower than that of RDX, but the
melting point of approx. 320 °C is much higher. HNS can directly be prepared from
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Tab. 1.2: Composition of some high explosive formulations.

name composition

Composition A 88.3 % RDX, 11.7 % non-energetic plasticizers
Composition B 60 % RDX, 39 % TNT, 1% binder (wax)
Composition C4 90 % RDX, 10 % polyisobutylene

octol 75 % HMX, 25 % RDX

torpex® 42 % RDX, 40 % TNT, 18 % aluminum
PBXN-109 64 % RDX, 20 % aluminum, 16 % binder
OKFOL 96.5 % HMX, 3.5 % wax

@ An Australian improved development of torpex is known under the name Hé6 and also contains hex-
ogen (RDX), trinitrotoluene (TNT) and aluminum. H6 was used as a high explosive formulation in the
MOAB bomb (Massive Ordnance Air Blast bomb). MOAB (also known as GBU-43/B) is with a load of
approx. 9500 kg high explosive formulation (30 % TNT, 45 % RDX, 20 % AL, 5 % wax) one of the largest
conventional bombs ever used.

Tab. 1.2a: Desired properties of potential HNS replacements

Thermal Stability No changes after 100 h at 260 °C
Detonation Velocity >7500 m/s

Specific Energy * > 975 kJ/kg

Impact Sensitivity >7.4)

Friction Sensitivity >235N

Total Costs <500 Euro/kg

Critical diameter 2 HNS

* specific energy. F=p.-V=n-R-T

trinitrotoluene through oxidation with sodium hypochlorite in a methanol/THF so-
lution:

2 C4H,(NO,);CH; + 2 NaOCl > C¢H,(NO,);—CH=CH—C4H,(NO,); + 2 H,0 + 2 NaCl

Since oil deposits which are located closer to the surface are becoming rare, deeper

oil reserves now have to be explored where (unfortunately) higher temperatures

are involved. Therefore, there is an ongoing search for explosives which are even

more thermally stable (decomposition temperatures > 320 °C) than HNS, but at the

same time show better performance (Tab. 1.2a). Higher thermal stabilities usually

result in compounds with lower sensitivities which are therefore safer to handle.
According to J. P. Agrawal, new energetic materials with high thermal stabili-

ties can be achieved by incorporating the following points in the compounds:

— Salt formation

— Introduction of amino groups

— Introduction of conjugation

— Condensation with a triazole ring.
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Fig. 1.3b: Synthetic route for PYX.

Two possible replacements for HNS which are presently under investigation are
PYX and PATO.

Various picryl and picrylamino substituted 1,2,4—triazoles which were formed
by condensing 1,2,4-triazole or amino-1,2,4-triazole with picryl chloride (1-chloro-
2,4,6-trinitrobenzene) were studied in detail by Coburn & Jackson. One of these
molecules is PATO (3-picrylamino-1,2,4-triazole), a well known, thermally stable
explosive, which is obtained by the condensation of picryl chloride with 3-amino-
1,2,4-triazole (Fig. 1.3a). Another promising candidate for a high-temperature ex-
plosive is PYX (Fig. 1.3a). The synthesis for PYX is shown in Fig. 1.3b.
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Fig. 1.3c: Molecular structure of BTDAONAB.

Tab. 1.2b: Comparative data of the thermal and explosive properties of TATB, HNS, BTDAONAB and
BeTDAONAB.

Property TATB HNS BTDAONAB BeTDAONAB
density / g/cc 1.94 1.74 1.97 1.98
Sensitivity to temperature / °C 360 318 350 260

DTA (exo) / °C 360 353 550 275

DSC (exo) / °C 371 350 268

Qco/ % -18.6 -17.8 -6.8 -5.9

IS/} 50 5 21 21

FS/N >353 240 353 362

VoD / m st 7900 7600 8600 8700

pc-y / kbar 273 244 341 354

Agrawal et al. reported the synthesis of BTDAONAB (Fig. 1.3c) which does not melt
below 550 °C and is considered to be a better and thermally more stable explosive
than TATB. According to the authors, this material has a very low impact (21 ]), no
friction sensitivity (> 360 N) and is thermally stable up to 550 °C. These reported
properties makes BTDAONAB superior to all of the nitro-aromatic compounds
which have been discussed. BTDAONAB has a VoD of 8300 m/s while TATB is
about 8000 m/s [Agrawal et al., Ind. J. Eng. & Mater Sci., 2004, 11, 516-520; Agraw-
al et al., Central Europ. J. Energ. Mat. 2012, 9(3), 273-290.]

Moreover, recently another nitro-aromatic compound (BeTDAONAB), similar to
Agrawal’s BTDAONAB has been published by Keshavaraz et al., which is also very
insensitive (Fig 1.3d). In this compound, the terminal triazole moieties have been
replaced by two more energetic (more endothermic) tetrazole units [Keshavaraz et
al., Central Europ. J. Energ. Mat. 2013, 10(4), 455; Keshavaraz et al., Propellants,
Explos. Pyrotech., DOI: 10.1002/prep.201500017]. Table 1.2b shows a comparison of
the thermal and explosive properties of TATB, HNS, BTDAONAB and BeTDAONAB.

TATB is obtained from trichloro benzene by nitration followed by a reaction
of the formed trichlorotrinitro benzene with ammonia gas in benzene or xylene
solution.

As shown above, the number of chemical compounds which have been used for
high explosive formulations until after WW II is relatively small (Tab. 1.1 and 1.2). As
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Fig. 1.3d: Synthetic route for the synthesis of BeTDAONAB.

we can also see from Table 1.1 and 1.2 the best performing high explosives (RDX and
HMX; TNT is only used because of its melt-cast applications) possess relatively high
densities and contain oxidizer (nitro and nitrato groups) and fuel (C—H back bone)
combined in one and the same molecule. One of the most powerful new high explo-
sive is CL-20 which was first synthesized in 1987 by the Naval Air Warfare Center
(NAWF) China Lake (Fig. 1.7, Tab. 1.1). CL-20 is a cage compound with significant
cage strain which also contains nitramine groups as oxidizers and possesses a densi-
ty of about 2 g cm™. This already explains the better performance in comparison
with RDX and HMX. However, due to the relatively high sensitivity of the (desirable)
€ polymorph as well as possible phase transition problems and high production costs
(ca. $1,000/Lb; cf. RDX ca. $ 20.—/kg; GAP ca. $ 500/kg) so far CL-20’s wide and
general application has not been established.
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1.2 New Developments

1.2.1 Polymer-Bonded Explosives

Since about 1950 polymer-bonded (or plastic-bonded) explosives (PBX) have been
developed in order to reduce sensivity and to facilitate safe and easy handling. PBX
also show improved processibility and mechanical properties. In such materials
the crystalline explosive is embedded in a rubber-like polymeric matrix. One of the
most prominent examples of a PBX is Semtex. Semtex was invented in 1966 by
Stanislav Brebera, a chemist who worked for VCHZ Synthesia in Semtin (hence the
name Semtex), a suburb of Pardubice in the Czech Republic. Semtex consists of
varying ratios of PETN and RDX. Usually polyisobutylene is used for the polymeric
matrix, and phthalic acid n-octylester is the plasticizer. Other polymer matrices
which have been introduced are polyurethane, polyvinyl alcohol, PTFE (teflon),
Viton, Kel-F, PBAN, HTPB and various polyesters. PBAN (polybutadiene acrylo-
nitrile) was used in the space shuttle composite propellant.

Often, however, problems can arise when combining the polar explosive (RDX)
with the non-polar polymeric binder (e.g. polybutadiene or polypropylene). In or-
der to overcome such problems, additives are used to facilitate mixing and intermo-
lecular interactions. One of such polar additives is dantacol (DHE) (Fig. 1.4).

0

HO"N\_-N_ _N-_OH

T

o

Fig. 1.4: Structure of Dantacol (DHE).

One disadvantage of the polymer-bonded explosives of the first generation, is that
the non-energetic binder (polymer) and plasticizer lessened the performance. To
overcome this problem energetic binders and plasticizers have been developed.
The most prominent examples for energetic binders are (Fig. 1.5, a):

- poly-GLYN, poly(glycidyl)nitrate

- poly-NIMMO, poly(3-nitratomethyl-3-methyl-oxetane)

- GAP, glycidylazide polymer

- poly-AMMO, poly(3-azidomethyl-3-methyl-oxetane),

- poly-BAMO, poly(3,3-bis-azidomethyl-oxetane).

Examples for energetic plasticizers are (Fig. 1.5, b):

— NENA derivatives, alkylnitratoethylnitramine,
- EGDN, ethyleneglycoldinitrate,
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Fig. 1.5: Energetic binders (a) and energetic plasticizers (b). Synthesis of the NENA compound,
ANTTO (c) (ANTTO = azido nitrato trinito triaza octane).
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Fig. 1.5a: Ring-opening reactions (ROP) for the synthesis of energetic polymers.

—  MTN, metrioltrinitrate,
— BTTN, butane-1,2,4-trioltrinitrate.

Fig. 1.5a shows a general synthesis route for various energetic polymers using the
ring-opening polymerization (ROP) strategy).

For binders in particular — but also for plasticizers - it is important to know
the glass transition temperature. The value of the glass transition temperature
should be as low as possible but at least —50 °C. If the temperature of a polymer
drops below Tg, it behaves in an increasingly brittle manner. As the temperature
rises above T, the polymer becomes more rubber-like. Therefore, knowledge of T,
is essential in the selection of materials for various applications. In general, values
of T, well below room temperature correspond to elastomers and values above
room temperature to rigid, structural polymers.

In a more quantitative approach for the characterization of the liquid-glass
transition phenomenon and T, it should be noted that in cooling an amorphous
material from the liquid state, there is no abrupt change in volume such as that
which occurs on cooling a crystalline material below its freezing point, T;. Instead,
at the glass transition temperature, T,, there is a change in the slope of the curve
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Fig. 1.5b: Specific volume vs. temperature plot for a crystalline solid and a glassy material with a
glass transition temperature (Tg).
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Fig. 1.5c: DSC plot illustrating the glass transition process for a glassy polymer which does not
crystallize and is being slowly heated from below T,.

of specific volume vs. temperature, moving from a low value in the glassy state to
a higher value in the rubbery state over a range of temperatures. This comparison
between a crystalline material (1) and an amorphous material (2) is illustrated in
the figure below. Note that the intersection of the two straight line segments of
curve (2) defines the quantity T, (Fig. 1.5b).

Differential scanning calorimetry (DSC) can be used to determine experimentally
the glass transition temperature. The glass transition process is illustrated in Fig. 1.5c
for a glassy polymer which does not crystallize and is being slowly heated from a
temperature below T,. Here, the drop which is marked T, at its midpoint, represents
the increase in energy which is supplied to the sample to maintain it at the same
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temperature as the reference material. This is necessary due to the relatively rapid
increase in the heat capacity of the sample as its temperature is increases pass T,.
The addition of heat energy corresponds to the endothermal direction.

1.2.2 New High (Secondary) Explosives

New secondary explosives which are currently under research, development or
testing include 5-nitro-1,2,4-triazol-3-one (NTO), 1,3,3-trinitroazetidine (TNAZ), hexa-
nitrohexaazaisowurtzitane (HNIW, CL-20) and octanitrocubane (ONC) (Fig. 1.7). NTO
has already found application as a very insensitive compound in gas generators
for automobile inflatable air bags and in some polymer-bonded explosive formula-
tions. (N.B. Initially NaN; was used in air bag systems, however, nowadays guani-
dinium nitrate is often used in combination with oxidizers such as AN in some
non-azide automotive inflators.) It is used to enhance burning at low flame temper-
atures. Low flame temperatures are desired in order to reduce the formation of NO,
gasses in inflators. NTO is usually produced in a two-step process from semicarba-
zide hydrochloride with formic acid via the intermediate formation of 1,2,4-triazol-
5-one (TO) and subsequent nitration with 70 % nitric acid:

O  eHCI

H H

NO

Il HCOOH N 70% HNO. N ’
H H

TO NTO

Another interesting new and neutral high explosive is BINTO, which can be synthe-
sized as shown in the below equation from commercially available NTO in a one-
step reaction.

0 (CH.),CNH H\C/OH CH,SO,CI H\C/OSOZCH3
/ \
H,C—CH—CH,Cl —>>—2= H,c{ CH, e . CH,
N ’ N
C(CH,)s C(CH,)s
NaNO,
ON__NO, ON_ NO,  NaOH H_ NO,
H,c” C\CH HNO, c/ C\CH NaNO, & C\CH
I\ Ac,0 NP KFelCN)g TN T
| | )
NO, C(CH,)s C(CHy)s

Fig. 1.6: Synthesis of 1,3,3-trinitroazetidine (TNAZ).
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Fig. 1.7: Molecular structures of 5-nitro-1,2,4-triazol-3-one (NTO), 1,3,3-trinitroazetidine (TNAZ),
hexanitrohexaazaisowurtzitane (CL-20), octanitrocubane (ONC) and 4,10-dinitro-2,6,8,12-tetraoxa-
4,10-diazaisowurtzitane (TEX).
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TNAZ was first synthesized in 1983 and has a strained four-membered ring back-
bone with both C-nitro and nitramine (N—NO,) functionalities. There are various
routes that yield TNAZ all of which consist of several reaction steps. One possible
synthesis of TNAZ is shown in Figure 1.6. It starts from epichlorohydrine and ‘Bu-
amine. As far as the author of this book is aware, there has been no wide-spread
use for TNAZ so far.

CL-20 (1987, A. Nielsen) and ONC (1997, Eaton) are without doubt the most
prominent recent explosives based on molecules with considerable cage-strain.
While CL-20 is now already produced in 100 kg quantities (e.g. by SNPE, France or
Thiokol, USA, ca. $ 1000.—/Lb) on industrial pilot scale plants, ONC is only avail-
able on a mg to g scale because of its very difficult synthesis. Despite the great
enthusiasm for CL-20 since its discovery over 20 years ago it has to be mentioned
that even today most of the high explosive formulations are based on RDX (see
Tab. 1.2). There are several reasons why CL-20 despite its great performance has
not yet been introduced successfully:

— CL-20 is much more expensive than the relatively cheap RDX.

— CL-20 has some sensitivity issues (see insentitive munitions).

— CL-20 exists in several polymorphic forms and the desired & polymorph (be-
cause of its high density and detonation velocity) is thermodynamically not
the most stable one.
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Fig. 1.8: Synthesis of hexanitrohexaazaisowurtzitane (CL-20).

Interconversion of the £ form into a more stable but perhaps also more sensitive
other polymorph would result in a loss of performance and an increase in sentitivity.

CL-20 is obtained by the condension of glyoxal with benzylamine in an acid
catalyzed reaction to yield hexabenzylhexaazaisowurtzitane (Fig. 1.8). Afterwards
the benzyl groups are replaced under reducing conditions (Pd-C catalyst) by easily
removable acetyl substituents. Nitration to form CL-20 takes place in the final reac-
tion step.

Another very insensitive high explosive which is structurally closely related to
CL-20 is 4,10-dinitro-2,6,8,12-tetraoxa-4,10-diazaisowurtzitane (TEX, see Fig. 1.7),
which was first described by Ramakrishnan and his co-workers in 1990. It displays
one of the highest densities of all nitramines (2.008 g cm~) [1c].

The chemist N. Latypov of the Swedish defense agency FOI developed and syn-
thesized two other new energetic materials. These two compounds have become
known as FOX-7 and FOX-12 (Fig. 1.9, a). FOX-7 or DADNE (diamino dinitro ethene)
is the covalent molecule 1,1-diamino-2,2-dinitro ethene: (O,N),C=C(NH,),. The syn-
thesis of FOX-7 always includes several reaction steps. Two alternative ways to pre-
pare FOX-7 are shown in Figure 1.9 (b). FOX-12 or GUDN (guanylurea dinitramide)
is the dinitramide of guanylurea: [H,N—C(=NH,) —NH—C(0)—NH,]*[N(NO,),]".

It is interesting that FOX7 has the same C/H/N/O ratio as RDX or HMX. Al-
though neither FOX-7 nor (and in particular not) FOX-12 meet RDX in terms of per-
formance (detonation velocity and detonation pressure). Both compounds are
much less sensitive than RDX and might be of interest due to their insensitive
munition (IM) properties. Table 1.3 shows the most characteristic performance and
sensitivity data of FOX7 and FOX-12 in comparison with RDX.

FOX-7 exists in at least three different polymorphic forms (@, 8 and y). The a
modification converts reversibly into the 8 form at 389 K (Fig. 1.10) [2]. At 435 K
the B polymorph converts into the y phase and this interconversion is not reversi-
ble. The y form can be quenched at 200 K. When heated the y form decomposes at
504 K. Structurally, the three polymorphs are closely related and quite similar, with
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Fig. 1.9: Molecular structures of FOX-7 and FOX-12 (a). Two alternative synthetic routes for the syn-
thesis of FOX-7 (b).

the planarity of the individual FOX-7 layers increasing from a via 8 to y (i.e. y pos-
esses the most planar layers) (Fig. 1.11).

Another member of the family of nitramine explosives is the compound dinitro-
glycoluril (DINGU) which was first reported as early as 1888. The reaction between
glyoxal (O=CH—CH=0) and urea yields glycoluril which can be nitrated with
100 % nitric acid to produce DINGU. Further nitration with a mixture of HNO5/N,Os
yields the corresponding tetramine SORGUYL. The latter compound is of interest
because of its high density (2.01 g cm~) and its high detonation velocity (9150 m s)
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Tab. 1.3: Characteristic performance and sensitivity data of FOX-7 and FOX-12 in comparison with
RDX.

FOX-7 FOX-12 RDX
detonation pressure, pc,/ kbar 340 260 347
detonation velocity, D/ms™* 8870 7900 8750
impact sensitivity /) 25 >90 7.5
friction sensitivity /N >350 >352 120
ESD/) ca. 4.5 >3 0.2

60
50
40
30

20

10 - o-FOX-7 | |p-FOX-7 v-FOX-7

heat flow, endothermic down (mW)

L
o

. I L I I . I .
100 150 200 250 300

temperature (°C) ———

Fig. 1.10: DSC-Plot of FOX-7.

(Fig. 1.12). SORGUYL belongs to the class of cyclic dinitroureas. These compounds
generally show a higher hydrolytic activity and may therefore be of interest as
“self-remediating” energetic materials.

A new neutral nitrimino-functionalized high explosive which was first men-
tioned in 1951 (J. Am. Chem. Soc. 1951, 73, 4443, see also Damavarapu et al., OPR & D,
2016, 683-686) and which was recently suggested as a RDX replacement in C4 and
Comp.B by Damavarapu (ARDEC) is bisnitraminotriazinone (DNAM). This compound
has a melting point of 228 °C and a remarkably high density of 1.998 g/cc. Due to
the high density and the not too negative enthalpy of formation (AHf = -111 k] mol™)
DNAM has a detonation velocity of 9200 m s but still desirably low sensitivities
(IS = 82.5 cm, FS = 216 N, ESD = 0.25]). The synthesis of DNAM can be achieved in
50-60% vyield by nitration of melamine using in-situ generated AcONO, as the
effective nitrating agent (Fig. 1.13a) or by direct nitration of melamine. One possible
concern about DNAM is that the compound hydrolyzes rapidly at 80° with libera-
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Fig. 1.11: Crystalline packing of a-FOX-7 (a), B-FOX-7 (b) and y-FOX-7 (c).
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Fig. 1.12: Molecular structures of dinitroglycoluril (DINGU) and the corresponding tetramine
(SORGUYL).
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Fig. 1.13: Synthesis of LLM-105 starting from 2,6-dichloropyrazine. 3,5-dinitro-2,6-diaminopyrazine
is oxidized to 3,5-dinitro-2,6-pyrazinediamine-1-oxide (LLM-105) in the final step.

tion of nitrous oxide. At room temperature, the hydrolysis requires one to two days
and is acid catalyzed.

The reaction of DNAM with NaHCO;, CsOH and Sr(OH), - 8 H,0 yields the corre-
sponding mono-deprotonated salts NaDNAM, CsDNAM and Sr(DNAM),, respec-
tively.

Pyrazine derivatives are six-membered heterocyclic compounds containing two
nitrogen atoms in the ring system. As high-nitrogen heterocylic compounds, they
have an ideal structure for energetic materials (EMs). Some of them have a high
formation enthalpy, fine thermal stability and good safety characteristics. The basic
structure of energetic pyrazine compounds is that of 3,5-dinitro-2,6-diaminopyra-
zine (I in Fig. 1.13). One of the most prominent members in this family is the
1-oxide 3,5-dinitro-2,6-pyrazinediamine-l-oxide (also known as LLM-105, Fig. 1.13).
LLM-105 has a high density of 1.92 g cm™ and it shows a detonation velocity of
8730 m s! and a detonation pressure of 359 kbar which are comparable to those
of RDX (density = 1.80 g cm™3, exptl. values: VoD = 8750, P = 347 kbar). LLM-105
is a lot less impact sensitive than RDX and is not sensitive towards electrostatics
and friction [1d].
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Fig. 1.13a: Synthesis of DNAM.
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Fig. 1.13b: Synthesis of DAAF.

Fig. 1.13c: Synthesis of LLM-116.

The synthesis of LLM-116 is shown in Fig. 1.13c.

Another N-oxide which has recently been suggested by Chavez et al. (LANL)
as an insensitive high explosive is 3,3’-diaminoazoxy furazan (DAAF). Though the
detonation velocity and detonation pressure of DAAF are rather low (7930 m s7%,
306 kbar @ 1.685 g/cc), the low sensitivity (IS > 320 cm, FS > 360 N) and a critical
diameter of <3 mm make this compound promising. The synthesis of DAAF is
shown in Fig 1.13b [see also E.-C. Koch, Propellants, Explosives, Pyrotech, 2016,
41, 529-538].

There are various methods to prepare LLM-105. Most methods start from com-
mercially available 2,6-dichloropyrazine (Fig. 1.13) and oxidize dinitropyrazinedi-
amine in the final step to the 1-oxide (LLM-105).
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Fig. 1.14: Molecular structures of triacetone triperoxide (TATP), hexamethylene triperoxide diamine
(HMTD), methyl ethyl ketone peroxide (MEKP) and diacetone diperoxide (DADP).

Organic peroxides are another class of explosives which has been researched re-
cently. This class of explosives (organic, covalent peroxides) includes the following
compounds:

- H,0,

- peracids, R—C(0)—0O0H

- peresters, R—C(0)—00—R’

— perethers, R—0—0-R’

- peracetals, R;C—(OOR),.

- peroxyanhydride, R—C(0)—0—0—C(0O)—R’

Triacetone triperoxide (TATP, Fig. 1.14) is formed from acetone in sulfuric acid
solution when acted upon by 45 % (or lower concentration) hydrogen peroxide (the
acid acts as a catalyst). Like most other organic peroxides TATP has a very high
impact (0.3 J), friction (0.1 N) and thermal sensitivity. TATP has the characteristics
of a primary explosive. For this reason and because of its tendency to sublime
(high volatility) it is not used in practice (apart from terrorist and suicide bomber
activities).

Because of the use of TATP by terrorists, a reliable and fast detection of this
material is desirable. In addition to conventional analytical methods such as mass
spectrometry and UV (ultra violet) spectroscopy specially trained explosive detec-
tion dogs (EDD) play an important role in the detection of organic peroxides. How-
ever, fully trained EDDs are expensive (up to $ 60 k) and can only work for 4 h per
day. Although the high vapor pressure helps the dogs to detect the material, it is
also a disadvantage because of the limited time-span in which the dog is able to
find it (traces may sublime and disappear forever). Matrices in which the com-
pounds can be imbedded are sought after for safe training of explosive detection
dogs. These matrices should not have any volatility or any characteristic smell for
the dogs. In this respect zeolites may be of interest [le, f]. The ongoing problem
with zeolites is that they need to be loaded with solutions and the solvents (e.g.
acetone) may not completely vaporize before the peroxide.

Typical organic peroxides, which have been or may be used by terrorists are
so-called homemade explosives (HMEs): triacetone triperoxide (TATP), hexameth-
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Fig. 1.15: Synthesis of an N-oxide (a) and preparation of 3,6-bis(1H-1,2,3,4-tetrazole-5-ylamino)-s-
tetrazine (b).

R;N—0O" RCO,H RCO,Me

RCH(OMe),

A\ RSO,R
R
—
R
(RO),B RP=0 RCO,H

Fig. 1.16: Oxidation reactions with Oxone® as the oxidant (see for example: B. R. Travis,
M. Sivakumar, G. O. Hollist, B. Borhan, Org. Lett. 2003, 5, 1031-1034).

ylene triperoxide diamine (HMTD), methyl ethyl ketone peroxide (MEKP) and diac-
etone diperoxide (DADP) (Fig. 1.14).

The following class of N-oxide compounds is considerably more stable than
the above mentioned peroxides. For example, the oxidation of 3,3’-azobis(6-amino-
1,2,4,5-tetrazine) in H,0,/CH,Cl, in the presence of trifluoroacetic acid anhydride
yields the corresponding N-oxide (Fig. 1.15). This compound has a desirable high
density and only modest impact and friction sensitivity.

Another oxidizing reagent that has proven useful at introducing N-oxides is
commercially available Oxone® (2 KHSO; - KHSO, - K,SO,). The active ingredient
in this oxidizing agent is potassium peroxomonosulfate, KHSOs, which is a salt of
Caro’s acid, H,SOs. Examples of oxidation reactions involving Oxone® are shown
in Figure 1.16, including the interconversion of an amine (R;N) into an N-oxide.
(N.B. Sometimes, mCPBA [meta-chloro perbenzoic acid] or CFsCOOH are also used
as an oxidizing agent for form N-oxides.)
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Another tetrazine derivative, 3,6-bis(1 H-1,2,3,4-tetrazole-5-ylamino)-s-tetrazine, has
recently been prepared from (bis(pyrazolyl)tetrazine (Fig.1.15). It is interesting
to note that the tetrazine derivatives potentially form strong intermolecular interac-
tions via m-stacking. This can influence many of the physical properties in a posi-
tive way, for example by reducing the electrostatic sensitivity.

1.2.3 New Primary Explosives

In early days Alfred Nobel already replaced mercury fulminate (MF, see above),
which he had introduced into blasting caps, with the safer to handle primary explo-
sives lead azide (LA) and lead styphnate (LS) (Fig. 1.17). However, the long-term
use of LA and LS has caused considerable lead contamination in military training

_ o°
O,N NO,
Pb2*
0°
L NO,
NO
N - /N\C/ ’ cat™= NH,", Na*
[eat]," | (H,0), M N\,ll M = Fe, Cu
N/
4
_ ?HB
e
o CI) A~
[Cu]?* =—4—"0—N=N—C || Pb(N,),
® \\N/N
- 2
0° 0°
|
N O,N N®
Np= \ 2 =
@ _ @ N
o | /c NO, K B
N N
NO,
DBX-1 KDNP

Fig. 1.17: Molecular structures of lead styphnate (LS), lead azide (LA), an iron and
copper nitrotetrazolate complexes as well as copper(l) 5-nitrotetrazolate (DBX-1) and
potassium-7-hydroxy-6-dinitrobenzofuroxane (KDNP).
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grounds which has stimulated world-wide activities in the search for replacements
that are heavy-metal free. In 2016 the US military still used ca. 2000-3000 kg LA
per year. In 2006 Huynh und Hiskey published a paper proposing iron and copper
complexes of the type [cat]5[M"(NT),(H,0),] ([cat]* = NH}, Na*; M = Fe, Cu;
NT = 5-nitrotetrazolate) as environmentally friendly, “green” primary explosives
(Fig. 1.17) [3].

In 2007 the LMU Munich research group reported on the compound copper
bis(1-methyl-5-nitriminotetrazolate) with similarly promising properties (Fig. 1.17)
[4]. Because they have only been discovered recently, none of the above mentioned
complexes has found application yet, but they appear to have substantial potential
as lead-free primary explosives.

Another environmentally compatible primary explosive is copper(I) 5-nitrotet-
razolate (Fig. 1.17). This compound has been developed under the name of DBX-1
by Pacific Scientific EMC and is a suitable replacement for lead azide. DBX-1 is
thermally stable up to 325°C (DSC). The impact sensitivity of DBX-1 is 0.04 J (ball-
drop instrument) compared with 0.05 ] for LA. The compound is stable at 180 °C
for 24 hrs in air and for 2 months at 70 °C. DBX-1 can be obtained from NaNT and
Cu(D)Cl in HCI/H,0 solution at a higher temperature. However, the best preparation
for DBX-1 in a yield of 80-90 % is shown in the following equation where sodium
ascorbate, NaC¢H; O, is used as the reducing agent:

reducing agent, H,0, 15 min, AT

CuCl, + NaNT —> DBX-1

The mercury salt of NT, Hg(NT),, is also known under the name DXN-1 or DXW-1.

A possible replacement for lead styphnate is potassium-7-hydroxy-6-dinitro-
benzofuroxane (KDNP) (Fig. 1.17). KDNP is a furoxane ring containing explosive
and can best be prepared from commercially available bromo anisol according to
the following equation. The KN substitutes the Br atom in the final reaction step
and also removes the methyl group:

o~ o~
I O.N NO,
nitration 2 KN,
AT, CH;OH
Br
NO,

A typical stab detonator (Fig. 1.18) consists of three main components:
1. initiating mixture or initiating charge (initiated by a bridgewire),
2. transfer charge: primary explosive (usually LA),

3. output charge: secondary explosive (usually RDX).
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ca.0.147 in

Fig. 1.18: Typical design of a stab detonator; 1: initiating charge, stab mix, e.g.
T NOL -130 (LA, LS, tetrazene, Sb,S5, Ba(NOs),); 2: transfer charge (LA); 3: out-
put charge (RDX).

A typical composition for the initiating charge is:
20% LA,
40% LS (basic),
5% tetrazene,
20% barium nitrate,
15% antimony sulfide, Sh,Ss.

It is therefore desirable, to find suitable heavy metal-free replacements for both
lead azide and lead styphnate. Current research is addressing this problem. The
following replacements in stab detonators are presently being researched:
1. initiating charge LA - DBX-

LS -> KDNP
2. transfer charge: LA - triazine triazide (TTA) or APX
3. output charge: RDX - PETN or BTAT

Primary explosives are substances which show a very rapid transition from defla-
gration to detonation and generate a shock-wave which makes transfer of the deto-
nation to a (less sensitive) secondary explosive possible. Lead azide and lead styph-
nate are the most commonly used primary explosives today. However, the long-term
use of these compounds (which contain the toxic heavy metal lead) has caused
considerable lead contamination in military training grounds. Costly clean-up
operations require a lot of money that could better be spent improving the defense
capability of the country’s forces. A recent article published on December 4% 2012 in
the Washington Post (http://www.washingtonpost.com/blogs/federal-eye/wp/2012/
12/03/new-report-warns-of-high-lead-risk-for-military-firing-range-workers/) entitled
“Defense Dept. Standards On Lead Exposure Faulted” stated: “... it has found over-
whelming evidence that 30-year-old federal standards governing lead exposure at
Department of Defense firing ranges and other sites are inadequate to protect work-
ers from ailments associated with high blood lead levels, including problems with
the nervous system, kidney, heart and reproductive system.”
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Fig. 1.18a: Chemical structures of K,DNABT and DBX-1.

Devices using lead primary explosives — from primers for bullets to detonators for
mining — are manufactured in the tens of millions every year in the United States.
In the US alone, over 750 lbs. of lead azide are consumed every year for military
use.

Researchers from LMU Munich have now synthesized in collaboration with AR-
DEC at Picatinny Arsenal, N.J. a compound named K,DNABT (Fig. 1.18a), a new
heavy metal-free primary explosive which has essentially the same sensitivity (im-
pact, friction and electrostatic sensitivity) as that of lead azide, but does not con-
tain toxic lead. Instead of lead, it contains the ecologically and toxicologically be-
nign element potassium instead. Preliminary experimental detonation tests (dent-
plate tests) and high-level computations have shown that the performance of
K,DNABT even exceeds that of lead azide. Therefore, there is great hope that toxic
lead azide and / or lead styphnate can be replaced in munitions and detonators
with this physiologically and ecologically benign compound.

In theory, unprotected 1,1’-diamino-5,5"-bistetrazole can be nitrated. However,
the amination of 5,5-bistetrazole is a procedure which results in only low yields
and also requires considerable effort, therefore an alternative route was developed.
The bisnitrilimine would appear to be a suitable precursor, however, unfortunately
unprotected bisnitrilimine is not known and only the corresponding diphenyl de-
rivative is known. Therefore another derivative was prepared which contains a
more easily removable protecting group than the phenyl group. The synthetic pro-
cess for the synthesis of K,DNABT starts from the easily preparable dimethyl car-
bonate. This is reacted with hydrazine hydrate to form the carbazate 1. The subse-
quent condensation reaction with half an equivalent of glyoxal forms compound
2, which is subsequently oxidized with NCS (N-chlorosuccinimide) to the corre-
sponding chloride. Substitution with sodium azide offers the diazide (in only 38 %
yields) which then is cyclized with hydrochloric acid in ethereal suspension. The
carboxymethyl protected 1,1’-diamino-5,5"-bistetrazole is then gently nitrated with
N,O; (Fig. 1.18b).

An alkaline aquatic work-up with KOH precipitates dipotassium 1,1’-dinitrami-
no-5,5"-bistetrazolate. The products of the individual stages can be purified by re-
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Fig. 1.18b: Synthetic pathway for the formation of K,DNABT.

crystallization, or used as obtained. No column chromatography must be used.
Fortunately K,DNABT shows low water solubility, which (i) facilitates its isolation
and purification and (ii) avoids future toxicity problems due to potential ground
water pollution.

A primary explosive is an explosive that is extremely sensitive to stimuli such
as impact, friction, heat or electrostatic discharge. Only very small amounts of en-
ergy are required to initiate such a material. Generally, primary explosives are con-
sidered to be materials which are more sensitive than PETN. Primary explosives
are described as being the initiating materials that initiate less sensitive energetic
materials such as secondary explosives (e.g. RDX/HMX) or propellants. A small
quantity — usually only milligrams - is required to initiate a larger charge of explo-
sive which is safer to handle. Primary explosives are widely used in primers, detona-
tors and blasting caps. The most commonly used primary explosives are lead azide
and lead styphnate. Lead azide is the more powerful of the two and is used as a
pure substance typically in detonators as a transfer charge, or in formulations for
initiation mixes (e.g. NOL-130). Lead styphnate is mostly used in formulations for
initiation and primer mixes and is rarely found as a neat material in applications.

Although lead azide has been used extensively for decades, it is a very poison-
ous material that reacts with copper, zinc or alloys containing these metals, form-
ing other azides that can be highly sensitive and dangerous to handle. Further-
more, lead-based materials have been clearly found to cause environmental and
health related problems. Lead-based materials are included on the EPA Toxic
Chemical List (EPA List of 17 Toxic Chemicals); they are additionally regulated un-
der the Clean Air Act as Title II Hazardous Air Pollutants, as well as classified as
toxic pollutants under the Clean Water Act, and are on the Superfund list of haz-
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Fig. 1.18c: Primer performance test setup.

ardous substances. Under the Clean Air Act, the USEPA (US Environmental Protec-
tion Agency) revised the National Ambient Air Quality Standard (NAAQS) to
0.15 pg/m?>, which is ten times more stringent than the previous standard. Lead is
both an acute and chronic toxin, and the human body has difficulty in removing
it once it has been absorbed and dissolved in the blood. Consequently, a chief
concern is the absorption of lead by humans who are exposed to the lead-contain-
ing constituents of the initiating mix, as well as the combustion by-products of
lead-based compositions. The health effects of lead are well documented however,
recent studies have shown that there are no safe exposure levels for lead, particu-
larly for children. There is a direct correlation between lead exposure and develop-
ment, including IQ loss (even at the revised lead NAAQS, exposure levels are con-
sistent with an IQ loss of over 2 points), behavioral issues and even hearing loss.
Their use during training and testing deposits heavy metals on ranges and can
impact sustainable use of these ranges.

These initiator and transfer charge compositions also require expensive han-
dling procedures during production and disposal. The manufacturing of any lead-
based primary explosives, such as lead azide or lead styphnate, results in the pro-
duction of significant quantities of highly toxic, hazardous waste. In addition, the
handling and storage of these compounds is also a concern.

Due to its environmental and health impact, there is a need to develop green
primary explosives, to replace lead-based compounds. Current research seeks to
replace lead azide and lead-based formulations in commonly used detonators, and
in the M55 stab detonators and percussion primers, such as M115, M39, M42, etc.
in particular. One important strategy for developing lead-free alternatives focuses
on the use of high-nitrogen compounds. High-nitrogen compounds are widely con-
sidered to be viable, environmental-friendly energetic, since the predominant deto-
nation product is non-toxic nitrogen (N,) gas. At the same time, high-nitrogen com-
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Fig. 1.18d: Performance of K,DNABT/ RDX after initiation by an electrical igniter.

Tab. 1.3a: Comparison of the sensitivities of K,DNABT with other primary explosives.

sample Impact / in Friction / N ESD / m) Density / gcm™3 VoD / ms?
LA 7-11 0.1 4.7 4.8 5300

LS 5 0.1 0.2 3.00 4900
DBX-1 4 0.1 3.1 2.58 ca. 7000
K,DNABT 2 0.1 0.1 2.2 ca. 8330

pounds possess high enthalpies of formation (AH;), which lead to high energy

outputs. In developing/testing viable lead replacements, the following criteria

must be considered for new compounds. The material:

— must be safe to handle and possess a rapid deflagration to detonation transition

- be thermally stable to temperatures above 150°C and must have a melting
point greater than 90 °C

— should possess high detonation performance and sensitivity

— should have long term chemical stability

— should not contain toxic heavy metals or other known toxins

- be easy to synthesize and affordable.

For primer performance testing, primers are sealed in an air-tight test apparatus
and initiated by dropping an 8 or 16 oz steel ball onto the primary explosive. Pres-
sure transducers measure the output (Fig. 1.18c).

The sensitivity of K,DNABT was tested and was found to be very sensitive to
impact, friction and ESD, as all primary explosives are. K, DNABT is more sensitive
compared to lead azide, lead styphnate and DBX-1 (as shown in Tab. 1.3a).

To compare the performance of K,DNABT with that of lead azide, 40 mg of
K,DNBT was loaded in a small aluminum holder and 1 g of RDX was pressed in a
standard detonator copper shell. This was initiated by an electrical igniter. The
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Fig. 1.18e: Witness plate of SSRT of lead azide (left) and K,DNABT (right).

Fig. 1.18f: Fischer test of K,DNABT.

performance of K,DNABT/RDX was shown to pass the requirements expected of a
primary explosive mixture as can be seen in Fig. 1.18d.

A modified Small Scale Shock Reactivity Test (SSRT) was performed with
K,DNABT as well as with lead azide for comparison. In these tests, 500 mg of each
compound was ignited by an igniter and it was found that K,DNABT showed more
indentation than lead azide on the witness plate (Fig 1.18e).

When performed electrically, K.DNABT is comparable to lead styphnate in per-
formance. Primer mixes have been also been formulated and require testing.

Future work requires optimization of the system in order for K,DNABT to be
considered as a replacement for lead azide in detonators. From the initial results,
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Tab. 1.3b: Energetic properties of copper(ll) chlorotetrazolate (CuCIT).

CuClT
formula C,Cl,CuNg
molecular mass [g mol™!] 270.53
impact sensitivity [J] 1
friction sensitivity [N] <5
ESD-test [J] 0.025
N [%] 41.42
Tdec. [oc] 289

=N (NHooHcl O
\ NaOH N\
Yo 20 N—OH
Cl,
HO—N\ N NaN, HO—N\ cl
\ \
N3 N—OH Cl N—OH

Fig. 1.18g: Synthesis of diazidoglyoxime (DAGL).

H N° N N
N~ NaNO,, HCl | N~ NaOH N~ HCl N~
“\N/>—NH2 cullncl, II\II\N/> c H,0 Il\l©> CIH H,0 II\LN/> c
2

2

Cu2®

Fig. 1.18h: Synthesis of copper(ll) chlorotetrazolate (Cu CIT).

K,DNABT appears to be a good possible replacement for lead styphnate when initi-
ated via a hot-wire or electric bridgewire. Formulations will also need to be opti-
mized in the future, with respect to finding the correct particle size.

An image of the Fischer test is shown in Fig. 1.18f.

Another promising and thermally stable (Tab. 1.3b) lead-free primary explosive
is copper(II) 5-chlorotetrazolate (Cu CIT, PSI & LMU). The synthesis is achieved in
a one-step reaction (Fig. 1.18a) starting from commercially available aminotetra-
zole. Cu CIT can then be further converted into the synthetically useful compounds
sodium chlorotatrazolate and chlorotetrazole (Fig. 1.18h).

In the area of metal-free primary explosives, covalently bound azides are often
advantageous. Although these compound soften do not show the high thermal sta-
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Tab. 1.3c: Energetic properties of TTA and DAGL in comparison with LA.

TTA DAGL LA
formula C5Ny5 C,H,NgO, Ng¢Pb
molecular mass [g mol™?] 204.1 170.1 291.3
impact sensitivity [J] 1.3 1.5 2.5-4
friction sensitivity [N] <0.5 <5 0.1-1
ESD [J] <0.36 (7) 0.007 0.005
Tuec. [°C] 187 (m.p. 94) 170 315

bility of metal complexes, some may have an application as LA replacements in
transfer charges (see Fig. 1.18). Two of the most promising candidates are triazido
triazine (triazine triazide, TTA, ARDEC, see above) and diazidoglyoxime (DAGL,
LMU, Tab. 1.3c). The latter one can be prepared according to Fig. 1.18h.

1.2.4 New Oxidizers for Solid Rocket Motors

Solid propellants of essentially all solid rocket boosters are based on a mixture of
aluminum (Al, fuel) and ammonium perchlorate (AP, oxidizer).

Ammonium perchlorate (AP) has applications in munitions, primarily as an
oxidizer for solid rocket and missile propellants. It is also used as an air bag inflator
in the automotive industry, in fireworks, and appears as a contaminant of agricul-
tural fertilizers. As a result of these uses and ammonium perchlorate’s high solubil-
ity, chemical stability, and persistence, it has become widely distributed in surface
and ground water systems. There is little information about the effects of perchlo-
rate on the aquatic life, but it is known that perchlorate is an endocrine disrupting
chemical that interferes with normal thyroid function which impacts both growth
and development in vertebrates. Because perchlorate competes for iodine binding
sites in thyroids, adding iodine to culture water has been examined in order to
determine if perchlorate effects can be mitigated. Finally, perchlorate is known to
affect normal pigmentation of amphibian embryos. In the US alone the cost for
remediation is estimated to be several billion dollars. That money that is urgently
needed in other defense areas [5-7].

The currently most promising chlorine-free oxidizers which are being re-
searched at present are ammonium dinitramide (ADN), which was first synthesized
in 1971 in Russia (Oleg Lukyanov, Zelinsky Institute of Organic Chemistry) and is
being commercialized today by EURENCO, as well as the nitroformate salts hydraz-
inium nitroformate (HNF, APP, Netherlands) and triaminoguanidinium nitrofor-
mate (Germany) (Fig. 1.19) [8]. The salt hydroxyl ammonium nitrate, HO—NH3 NO3
(HAN) is also of interest. However, all four compounds possess relatively low de-
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NO,
/
NH,® @N\ ADN
NO,
N,HS C(NO,)Y HNF

CINH—NH,)Y C(NO,)S  TAGNF

Fig. 1.19: Molecular structures of ammonium dinitramide (ADN), hydrazinium nitroformate (HNF)
and triaminoguanidinium nitroformate (TAGNF).

composition temperatures and TAGNF only has a positive oxygen balance with
respect to CO (not to CO,).

While ADN has the best oxygen balance (Qco, = 25.8 %, cf. AP 34.0 %) of all
presently discussed AP replacements it still has some stability issues with respect
to binder compatibility and thermal stability (Tgec. = 127 °C). Thermal decomposi-
tion of ADN is observed at 127 °C after complete melting at 91.5 °C. The main decom-
position pathway is based on the formation of NH,NO; and N,O followed by the
thermal decomposition of NH,NO; to N,O and H,O at higher temperatures. Side
reactions forming NO,, NO, NH;, N, and O, are described and a mechanism for
the acid-catalyzed decomposition of hydrogen dinitramide, dissociation product of
ADN, is proposed.

Alternatively, ammonium nitrate (AN, Qco, = 20.0 %, begins decomposition at
m.p. = 169.9 °C, complete decomposition at 210 °C) has been discussed, however
this compound has severe burn rate issues. Furthermore, AN is hygroscopic and
shows phase transitions from one polymorph to another at 125.2°C, 84.2°C, 32.3°C
and -16.9 °C. Phase stabilized ammonium nitrate (PSAN) and spray crystallized AN
(SCAN) are special qualities provided by ICT.

Another recently suggested organic oxidizer is TNC-NO, which has an oxygen
balance of Q¢p,=14.9% and a thermal stability of up to 153 °C. TNC-NO, can be
synthesized by direct nitration of TNC (2,2,2-trinitroethyl carbamate) using mixed
acid:

(0] (0]
HNO,/H,SO,
NO. 3/ MU, O,N NO.
HZNJI\O/* 2 _— 2 \NJI\O 2
N02 H NOZ
NO, NO,

The further new nitroethyl compounds based on boron esters are tris-(2-nitroethyl)
borate and tris-(2,2,2-trinitroethyl) borate. Especially the trinitroethyl derivative is
a suitable candidate for high energy density oxidizers and for smoke-free, green
coloring agents in pyrotechnic compositions. Tris-(2-nitroethyl) borate and tris-
(2,2,2-trinitroethyl) borate can be obtained from boron oxide with 2-nitroethanol
and 2,2,2-trinitroethanol, respectively:
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HOCH,CH,NO,
———— 2222 . BIOCH,CH,NO,],
2

25-60°C/12h

B20s —3H,0

HOCH,C(NO,),
228, BIOCH,C(NO,)l;
3

The oxygen balance of 2 is —59.70 % and of 3 is +13.07 %. The density for 3 was
determined to 1.982gcm 3, which is a quite high value. DSC measurements re-
vealed an exothermic decomposition at 216 °C for 2 and 161 °C for 3.

The starting material 2,2,2-trinitroethanol (1) was prepared from the reaction of
trinitromethane with formaldehyde (see Fig. 9.18).

Sensitivity data for 3.

grain size <100 pm
impact sensitivity 15)
friction sensitivity 144N
electrostatic sensitivity 0.5)

In general, elemental boron and boron compounds have been the subject of many
studies involving propulsion systems due to the very high heats of combustion.
However, due to some combustion problems, the theoretical benefits of boron and
its compounds have rarely been delivered. The main limitations for boron combus-
tion are (i) ignition delay due to the presence of an oxide layer on the surface of
the boron particle (only for elemental boron) and (ii) the energy release during the
combustion process in hydrogen containing gases is significantly lowered due to
the formation of HBO, or “HOBO” as commonly referred to. The slow oxidation of
“HOBO” to the preferred product of combustion B,05 often results in the particles
leaving the propulsion-system prior to releasing all of their energy thus resulting
in less than expected performance.

Nitroform (trinitromethane, NF) is a valuable starting material for the pro-
duction of propellant and explosive components due to its high oxygen content. It
was first obtained as the ammonium salt by Shiskov in 1857. The acidic hydrogen
atom facilitates the formation of derivatives, since deprotonation can readily occur
with bases to form, for example, hydrazinium nitroformate (HNF) [69]. HNF pos-
sesses many useful properties, which makes it useful for application: it can be used
as an oxidizer in rocket propellants, and it is also chlorine-free, which is a desirable
property in modern propellant compositions [70, 71].

NF is also a highly useful starting material in the synthesis of many other chlo-
rine-free oxidizers, such as TNC-NO, and tris(trinitroethyl) borate. Whereas HNF is
directly synthesized from NF, the oxidizers TNC-NO, and tris(trinitroethyl) borate
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Fig. 1.20: Synthetic routes for the preparation of NF.

are prepared from trinitroethanol (TNE). TNE can easily be synthetized in two steps
from an aqueous solution of nitroform with formaldehyde:

H—C(NO,); + CH,0 - (NO,)sC—CH,—OH + 8.56 kcal mol™ )

NF participates in many reactions such as addition reactions [72], condensation
reactions [73], and substitution reactions [74]. NF reacts with unsaturated com-
pounds to form multi-nitroalkane derivatives, and therefore, it can be used for the
synthesis of an explosive composition containing the nitroform group such as 1-
(2,2,2-trinitroethylamino)-2-nitroguanidines [75] or 1,1,1,3-tetranitro-3-azabutane [76].

Since it has proven itself to be a crucially important raw material in the synthe-
sis of many energetic compounds, synthetic routes for the formation of NF have
attracted considerable attention and have been explored, for example, by the nitra-
tion of various substrates including acetylene, acetic anhydride, pyrimidine-4,6-
diol, and isopropanol (Fig. 1.20).
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Fig. 1.21: Synthesis of NF from isopropanol in fuming nitric acid.

The most investigated preparative method of nitroform in the literature is the nitra-
tion of acetylene with nitric acid. However, this method requires the use of expen-
sive and toxic mercury nitrate as a catalyst, which is clearly detrimental from the
economic and environmental point of view. Other preparative methods for nitro-
form, which have been reported in the literature, include the nitration of other
suitable compounds, such as acetone or isopropanol, the hydrolysis of tetranitro-
methane, or the nitration-hydrolysis of pyrimidine-4,6-dione [77, 78]. Due to the
volatility and flammability of acetone, methods involving its use are dangerous,
whereas the method involving tetranitromethane requires a water vapor distillation
process which makes it difficult to prepare the raw materials.

For the large-scale production of NF, the use of isopropanol has certain advan-
tages, e.g. safety, cost, and sustainability (environmental aspects). The synthesis
of NF starting from isopropanol was first reported by Frankel [79] in 1978, and is
based on the oxidation, nitration, and hydrolysis of isopropanol with fuming nitric
acid (Fig. 1.21).

Alternatively, on a laboratory scale, NF can be obtained from tetranitrometh-
ane (TNM) which decomposes under alkaline conditions to yield HNO3 and nitro-
formate salts. TNM itself can be prepared in the laboratory by the nitration of acetic
anhydride with fuming nitric acid (Fig. 1.20).

C(NO,), +KOH > HNO;+K*C(NO,); )

Another convenient synthesis which can be used to obtain potassium nitroformate
(which can be subsequently converted into TNE) on a laboratory scale is the nitra-
tion of barbituric acid as shown in Fig. 1.22.

All of the problems mentioned above with the known synthetic routes for the
preparation of NF demanded new, safer and more efficient methods to be devel-
oped for the synthesis of NF. In the last few years, several new methods have been
reported. In 2003, A. Langlet et al published a patent [80] concerned with the prep-
aration of nitroform (NF) by nitrating a starting material which is dissolved or sus-
pended in sulfuric acid. A nitrating agent consisting of nitric acid, nitrate salts or
nitrogen pentoxide is added to the sulfuric acid solution/suspension at tempera-
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Fig. 1.22: Synthesis of TNE via potassium nitroformate.

tures in the range of —10 °C to +80 °C. The starting material can be selected from
one of the following classes of compounds:
a) a gem-dinitroacetyl urea;

, in which X is H or a group , Wherein Y is an alkoxy or
amino group, and salts thereof;
b) gem-dinitroacetyl guanidine
c) 4,6-hydroxypyrimidine

The sulfuric acid can have a concentration of 70-100 %, preferably 95 %, and the
nitric acid is added as a concentrated acid (85-100 %). The molar ratio between
the nitrating acid and the substrate may be in the range 2.0-6.0: 1. Good yields of
NF have been obtained with a molar ratio as low as 3:1, which (in combination
with the reuse of sulfuric acid) makes the method economically attractive. After
completion of the nitration, the product (the gem-trinitro compound) is hydrolyzed
and nitroform is spit off by mixing the reaction with an aqueous medium (e.g.
crushed ice).

The nitroform which is prepared can be extracted from the reaction mixture
using a suitable polar extracting agent, such as methylene chloride or diethyl
ether. A neutralizing agent can then be added to precipitate the corresponding
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Fig. 1.23: Nitrolysis of CB.

nitroform salt. Extraction of the gem-trinitro compound directly from the nitration
mixture is also possible, and nitroform can then be subsequently obtained using a
hydrolysis procedure, for instance, by adding a base. The sulfuric acid may then
be used several times.

In 2015, Hong-Yan Lu et al. published an article which presented a new method
to synthesize nitroform by the nitrolysis of cucurbituril. Cucurbituril (CB[6]) is a
cyclic oligomer of 6 units of glycoluril linked by 12 methylene bridges [81]. In this
study, CB[n] (n = 5-8) was nitrolyzed with fuming nitric acid in acetic anhydride
to produce nitroform. This process requires only mild reaction conditions, reduces
risk, is inexpensive, and therefore must be regarded as a new and useful prepara-
tive route for the formation of nitroform.

In short, there is a reason why AP has been used as the most important oxidizer
for composite propellants for decades. It has the advantage of being completely
convertible to gaseous reaction products and has an oxygen balance of Qcq, = 34 %.
It can easily be prepared by neutralizing ammonia with perchloric acid and is puri-
fied by crystallization. AP is stable at room temperature but decomposes at measur-
able rates at temperatures greater than about 150 °C. At decomposition tempera-
tures below approximately 300 °C, AP undergoes an autocatalytic reaction which
ceases after about 30 % decomposition. This is usually called the low-temperature
reaction. The residue is quite stable at these temperatures unless rejuvenated by
sublimation, recrystallization, or mechanical disturbance. At temperatures above
350 °C, the high-temperature decomposition occurs; this reaction is not autocata-
Iytic and decomposition is complete. Concurrently with these decomposition reac-
tions, AP also undergoes dissociative sublimation.
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1.2.5 Initial Characterization of New Energetic Materials

Once a new energetic material (high explosive, primary explosive, oxidizer) has
been synthesized in the lab, various characterization and evaluation methods need
to get applied before one can consider up-scaling of the material and the prepara-
tion of formulations. The most important characterization and evaluation methods
are summarized in Tab. 1.3d.

Tab. 1.3d: Synthesis, Characterization & Evaluation of New EMs (before formulation).

Synthesis & Characterization:

- IS, FS, ESD (grain size)

— CHN analysis

— X-ray, density or pycnometry

— H, 3C{1H}, **N/*>N NMR; IR/Raman

— DSC (5 K/min), TGA, m.p., b.p., Tgec

- calcd: VoD, pcy, lsp, Qexs o

— Phase transitions / polymorphs (powder X-ray, DSC)
— aquatic toxicity

- Dbetter, cheaper ($/kg), higher yield, safer prep?

- hydrolysis, degradation, detonation/combustion products
— shape and habit of crystals (electron microscopy)

— vapor pressure measurement

Secondary Explosives: Primary Explosives: Oxidizers:

1. VST 1. laser initiation 1. VST

2. compatibilities 2. initiation cap. 2. compatibilities

(DSC & VST) # (RDX. PETN, HNS) (DSC & VST)*

3. VoD (exptl.) 3. electromag. ball-drop 3. bomb calorimetry
4. steel shell (Koenen) primer test 4. FCO

5. Trauzl 4. M55 stab 5. SCO

6. under-water ex. 5. compatibilities * 6. isothermal long term
7. SSRT

8. FCO

9. SCO

10. GAP

11. isothermal long term

12. bomb calorimetry

13. ANSYS: fragment
velocity, Ey,.

# Cu0, SS, Al, binder & plasticizer, DNAN, TNT, NTO, RDX, HMX
* RDX, PETN, Al, SS, Cu, CuO, LA, LS, Ba(NOs),, Tetracene, Sbh,S;
* HTPB, binder, plasticizer, Al, SS, NC, NQ, GAP
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1.3 Definitions

In accordance to the ASTM international definition (American Society for Testing

and Materials: http://www.astm.org/), an energetic material is defined as a com-

pound or mixture of substances which contains both the fuel and the oxidizer and

reacts readily with the release of energy and gas. Examples of energetic materials

are

— primary explosives

— secondary explosives

— gun propellant charges

— rocket fuels

— pyrotechnics, e.g. signal torches und illuminants, smoke and fog generators,
decoys, incendiary devices, gas generators (air bags) and delay compositions.

Energetic materials can be initiated using thermal, mechanical or electrostatic igni-
tion sources and do not need atmospheric oxygen to maintain the exothermic reac-
tion.

A material which could be considered to be a potential explosive, is a chemical
compound or a mixture of substances in a metastable state, which is capable of a
quick chemical reaction, without requiring additional reaction partners (e.g. atmos-
pheric oxygen). In order to estimate how explosive a substance is, the Berthelot-
Rot value By can be used (equation 1). Here p, (in kg m~) is the density of the
potential explosive, V, (in m?® kg™) is the volume of smoke and Q, (in kJ kg™) is
the heat of explosion.

Bk m”] = pi Vo Q, €)

Table 1.4 shows the Berthelot-Rot values for some well-known explosives. In gener-
al, compounds with a By value higher or equal to that of the “Oppauer salt” (55 %
NH,NO;, 45% (NH,),SO,) — the detonation of which in 1921 caused a massive and
catastrophic explosion with over 1000 fatalities — are considered potentially explo-
sive.

Tab. 1.4: Berthelot-Rot values for potentially explosive substances.

potentially explosive substance Po/103kgm3 V,/m3kg! Q,/kjkg™? Bg/kj m~3

HMX 1.96 0.927 5253 18707
NG 1.60 0.782 6218 12448
TNT 1.65 0.975 3612 9588
gun powder 1.87 0.274 3040 2913
hydrazine 1.00 1.993 1785 3558
Oppauer salt 1.10 0.920 1072 1193
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combustion deflagration detonation

Fig. 1.24: Schematic representation of the pressure-over-time diagram of a combustion, a defla-
gration and a detonation.

(This diagram is reproduced with slight modification from the original of Prof. Dr. Manfred Held,
who is herewith thanked for his permission to reproduce this.)

In contrast to the potentially explosive substances discussed above, explosion haz-
ards are defined as follows. Hazardous explosive substances are compounds or
mixtures of substances which give a positive result to at least one of the following
tests:

- steel-sleeve test (Koenen test) with a nozzle plate with a 2 mm diameter hole
— impact sensitivity (using the BAM drop-hammer); more sensitive than 39 J,

— friction sensitivity; more sensitive than 353 N.

Energetic materials which contain the fuel as well as the oxidizer ignite on raising
the temperature past the ignitation temperature (due to the supply of external
heat), forming a flame which generates heat as a result of the exothermic chemical
reaction which is greater than the heat loss of the surroundings. In contrast to
simple combustion, (e.g. a candle = fuel) which occurs without an increase in pres-
sure and uses oxygen from the atmosphere, in a deflagration (oxidizer and fuel
combined in the energetic material), pressure is formed (Fig. 1.24). The term Defla-
gration means that when using a mixture of fuel and oxidizer, a flame is propagat-
ed which is less than the speed of sound, but which still can be heard. The (linear)
burn rate (r in m s™) is therefore the speed with which the flame (zone of reaction
is on the surface) moves through the unreacted material. Since the temperature
increases with increasing pressure (p), the burn rate is also pressure dependent
(equation 2). It is strongly influenced by the composition of the energetic material,
as well as the confinement. In this context, § is a coefficient (8 = f(T)) and «a is the
index of the burn rate which describes the pressure dependency. The index a is < 1
for energetic materials which deflagrate (usually 0.2 ... 0.6 for propellants), and > 1
for detonating explosives.

r=pBp* (@)

A flame in the gas above an energetic solid conducts and radiates heat to the solid
surface, which evaporates fuel. The fuel in turn feeds the flame - a cooperative
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system. There is an equilibrium standoff distance, which represents a balance be-
tween these two effects. It is a function of pressure.

Fig. 1.25a: Self-sustained combustion in a stagnant environment (not to the scale). x-axis: T (K).

A key observation is that a flame will not enter a crack (8) unless the latter is large
enough to support the necessary physical reaction structure. The standoff distance
decreases as P increases, allowing the flame to enter smaller spaces as P increases.
This behavior is given by Balyaev’s equation (empirical, but with basis in theory):

If i, = aPP, then 6°PL2F =

Under certain conditions (e.g. strong confinement), a deflagration can change to a
Detonation (but not vice versa!). This occurs when the reaction front reaches the
speed of sound in the material (typical values for the speed of sound in different
materials are: air 340 m s, water 1484 m s, glass 5300 m s7, iron 5170 m s™)
and then propagates supersonically from the reacted into the unreacted material.
The transition from a deflagration to a detonation is known as a Deflagration-to-
Detonation Transition (DDT). The term detonation is used to describe the propa-
gation of a chemical reaction zone through an energetic material accompanied by
the influence of a shock-wave at a speed faster than the speed of sound. The deto-
nation zone moves through the explosive at the speed of detonation D, perpendicu-
lar to the reaction surface and with a constant velocity. All of the properties of the
system are uniform within the detonation zone. When these chemical reactions
occur with the release of heat at a constant pressure and temperature, the propaga-
tion of the shock-wave becomes a self-sustaining process. Chemical substances
which are able to undergo a DDT, are described as explosives and the correspond-
ing self-sustaining process is called a detonation (Figs. 1.24 and 1.26).
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Fig. 1.25b: Flame intrusion into cracks.

Under the influence of the dynamic properties of the shock-wave, a thin layer of
still unreacted explosive from the original specific volume V, (15 = 1/p,) along
with the shock adiabat of the corresponding explosive (or Hugoniot adiabat) is
compressed to volume V; (Fig. 1.27). The pressure increases from p, to p; as a conse-
quence of the dynamic compression, which subsequently results in an increase of
the temperature in the thin compressed layer of the explosive (Figs. 1.26 and 1.27),
which causes initiation of the chemical reaction. At the end of the chemical reac-
tion, the specific volume and pressure have the values V5 and p,. At the end of the
reaction zone the reaction products are in chemical equilibrium (AG = 0) and the
gaseous reaction products move at the local speed of sound, c. Mass, impulse and
energy conservation apply. The requirement of a chemical equilibrium between the
reaction products is known as the Chapman-Jouguet condition. This state corre-
sponds to the point of the detonation products on the shock adiabat (Fig. 1.27). At
this point it is important to emphasize again, that in a deflagration the propagation
of the reaction occurs as a result of thermal processes, whereas in the considerably
faster detonation, a shock-wave mechanism is found.

Following the detonation model for the stationary state, the points (15, po),
(Wi, p1) and (V5, p,) lie on one line (Fig. 1.27), which is known as the Rayleigh
line. The slope of the Rayleigh line is determined by the detonation velocity of the
explosive. In accordance with Chapman and Jouguet’s theory, the Rayleigh line is
tangent to the shock adiabat of the detonation products and at this point corre-
sponds to the end of the chemical reaction (15, p,). This point is therefore also
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Fig. 1.26: Schematic representation of the detonation process and the structure of the detonation
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Fig. 1.27: Shock adiabat for an explosive and the detonation products (detonation in stationary
state).
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Tab. 1.5: Reaction types of an energetic material with Q., = 1000 kcal kg

reaction type reaction speed / mass flow / gaseous products / reaction time /
ms! m3 st m3s! sm3
Combustion 1073-1072 1073-1072 1-10 10%2-103
Deflagration 102 102 10° 1072
Detonation 10 10 107 1074
Detonation
Driving Zone

Detonation e

Products Zone Q;'_

-_“__.____’,-_..- \

Unreacted
Explosive

Shock Front
End of

Reaction zone

Sonic Line

Fig. 1.28: Representation of a non-ideal detonation (see for example: S. Esen, Rock Mech.-Rock
Engng 2008, 41, 46-497.

known as the Chapman-Jouguet Point (C-J point). At the C-J point an equilibrium
is reached and the speed of the reaction products corresponds to that of the detona-
tion velocity D. Now the gaseous products can expand and a dilution or Taylor
wave occurs (Fig. 1.26). Concrete values for typical speeds of reactions and mass
flow rates for combustion, deflagration and detonation are summarized in Ta-
ble 1.5.

It is important to stress that the above description is a simplified one, and is
only valid for ideal explosives. In an ideal explosive, there is a plane shock front
(Fig. 1.26), whereas in a non-ideal detonation, the shock front is somewhat curved
(Fig. 1.28), and the flow of the reaction products significantly diverge. A conse-
quence of this is that reactions in a non-ideal detonation are never complete in the
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detonation driving zone (DZZ) - i.e. between the shock front and the sonic line. The
detonation (a detonation is a reactive shock — shock followed by chemical reactions)
driving reaction terminates at the “sonic line” and contributes to supporting the
detonation process.

For an ideal explosive at the C-J point (at the end of the chemical reaction
zone), conversion of the explosive into the products corresponding to the thermo-
chemical equilibrium is complete (1.0), whereas for a non-ideal explosive the con-
version is < 1. Thus, for a non-ideal explosive, the C-J point is also called the “sonic
point” (end of DDZ) (Fig. 1.28), and where the Rayleigh line has the same slope as
the Hugoniot of the detonation products formed at the sonic point.

For both ideal and non-ideal detonations, at the C-J point the “flow” (detona-
tion velocity, D — particle velocity, Up) corresponds to sound velocity, Co:

D-Up=_~Co

1.4 Combustion, Deflagration, Detonation —
A Short Introduction

Fire, combustion, deflagration, and detonation are all terms used to describe exo-
thermic oxidation reactions. They are distinguishable from each other by their reac-
tion velocities.

1.4.1 Fire and Combustion

Generally speaking, combustion is a heat-releasing chemical oxidation reaction,
which is often accompanied by the occurrence of a flame. Flame temperatures dif-
fer widely from approx. 2000 K for an open flame to approx. 3000 K for the flame
of an acetylene cutting torch. Remarkably, the heats of combustion of explosives
is generally lower than those of common fuels (pine wood with 12.9% water:
4.422 kcal/g, acetylene: 11.923 kcal/g, dynamite 75 %: 1.290 kcal/g.

Fire is a simple example of a combustion reaction, despite it being less predict-
able and slower than pure combustion reactions. There are four factors which de-
cide how big a fire can get: fuel, oxygen, heat, and uninhibited chemical chain
reactions. If one of these factors is restricted or even absent, the fire will become
extinct. For example, lean fuel-air mixtures cannot be ignited because the ratio of
fuel is too low and rich mixtures lack the sufficient oxygen ratio to be ignitable.
Water as a fire extinguisher has a cooling effect and it therefore stops burning
through heat restriction and heat transfer. During burning, a reducing agent (fuel,
e.g. gasoline) reacts with oxygen. When heating an ignitable liquid, prior to reach-
ing the actual boiling point of the liquid, a considerable amount of fumes can be
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observed on the surface of the liquid. As these gases mix with air, ignitable mix-
tures can develop. The temperature at which an ignitable fume layer is found di-
rectly on the liquid’s surface is called the flash point of the substance. Liquids at
temperatures exceeding the flash point are easily set on fire by a flame or spark.
The flash point is usually found at temperatures lower than the boiling point. As
the boiling liquid is heated further, the temperature of the heated fume-air mixture
may become high enough to evoke a spontaneous oxidation. At this temperature,
the fume-air mix will ignite itself spontaneously. The corresponding temperature is
called the autoignition temperature (usually above 300 °C, for some compounds,
e.g. diethyl ether, significantly lower). A comparable effect can be observed when
water is added to overheated oil. As the oil is spilled in form of a finely dispersed
cloud, an oil-air mixture is obtained at a temperature enabling rapid oxidation.
The resulting hot oil cloud will ignite spontaneously. Thus when heating an ignit-
able liquid, the temperatures first reach the flash point, then the boiling point, and
finally the autoignition point. In order to burn, liquid fuels must be evaporated to
maximize contact with oxygen (air) and solid fuels must be sublimed first (e.g.
camphor) or pyrolyzed into ignitable gases or fumes.

After a sufficient heat source starts the fire, it propagates through the fuel by
heat carrying the uninhibited chemical chain reaction. Heat is transferred by con-
vection, conduction and radiation. Convection is based on the lower densities of
heated gases resulting in a gas flow. This is the base for the so-called Zone Model
to predict heat flow and fire growth in rooms and spaces. In the Zone Model (e.g.
CFAST program; Fire Growth and Smoke Transport Modeling with CFAST (version
6.1.1), National Institute of Standards and Technology (NIST), http://cfast.nist.gov),
a room is divided into a cold gas layer (zone) at the floor and a hot zone at the
ceiling. Heat transfer by conductivity is understood either as thin, when heat trans-
fer within the object is faster than the rate at which the surface of the object is
changed by heat transfer, or as thick, when there is a temperature gradient within
the object and the unexposed surface has no significant influence on the heat
transfer into the exposed surface. In thin materials (e.g. sheet metal), the tempera-
ture can be described by the one-dimensional heat transfer equation:

.

or ., .,
(6pCp) a*:qrad"'QCon"'Qe
X

with the heat transfer rates g;" (i = rad for radiation, con for convection and e for
background loss) and the measurable material thickness &, density p and heat ca-
pacity C,. For thick materials, heat transfer within the material can be described
one-dimensionally by
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with the thermal conductivity k of the material. Heat transfer by radiation can be
described by the model of black body radiation and Boltzmann’s equation for the
thermal energy emission of an ideal radiator

Eb=O'T4

with the Boltzmann constant of 0. Unfortunately, in reality, most burning objects
do not behave like ideal black body radiators and do not completely absorb ther-
mal energy.

When a fire is started in the open the burning is fuel-limited. Since oxygen is
abundant in the air, the rate at which fuel is supplied to the fire limits its growth.
Even for fires in confined areas (rooms), the early stage of fire is fuel limited. The
heat release of a fire is dependent on time. In the early stage of burning, the heat
release will grow with the square of time until reaching a steady state. When the
fire is extinguished, e.g. when all fuel or oxygen available is consumed, the heat
release will decrease to zero. The heat release of a fire can be estimated from the
height of its flames. In confined spaces, the initial stage of fuel limited burn will
grow into a fully developed fire, wherein all burnable fuels in the room are burn-
ing. The fully developed fire will terminally be oxygen-limited as the amount of
oxygen available to the chemical chain reactions will constrain the fire. The transi-
tion to a fuel-rich oxygen-limited fire will be indicated by a flashover, the transition
to uniform burning of all burnable substances in the room, preceded by rollover,
flaming-out and off-gassing. In the final oxygen-limited stage, more and more un-
der-oxidized combustion products like CO, HCN and other potentially hazardous
compounds are detected in the combustion product mixture.

Combustion reactions are excessively used in propellant systems. The impulse
of the gaseous combustion products is used to propel a payload. For obvious tech-
nical reasons, the burning temperature of a rocket engine is of interest. The adia-
batic flame temperature of combustion (T,q) is the temperature at which reactants
and products do not differ in enthalpy. The enthalpies of the components of the
system have to be calculated from their standard enthalpy by adding of the enthal-
py caused by heating to T.q. This is where the specific heat capacity C, comes
into play. Unfortunately, the component ratios of the system are functions of the
temperature, necessitating the use of iterative calculations of T,q.

1.4.2 Deflagration and Detonation

Combustion reactions can be self-accelerating. The acceleration of chemical reac-
tions is achieved by two routes: large increases in active particles and branching
of exothermic chain reactions. Active particles, like radicals, are formed by the
dissociation of molecules, a process expected to increasingly take place at elevated
temperatures. The more active particles are generated, the more collisions between
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active particles can be observed which causes an accerleration of the overall reac-
tion rate. Branching of chain reactions may occur whenever a single reaction pro-
duces more active particles than there were previously in this reaction. However,
active particles are continuously de-activated by inevitable collisions. Chain
branching then is in concurrence with chain termination. If the rate of chain
branching is greater than the rate of chain termination, the reaction will be acceler-
ated and explosion conditions can be obtained. If the energy release of the reaction
exceeds the thermal heat loss, thermal explosion can be achieved. Since the loss
of active particles does not require activation energy, the temperature’s influence
on the rate of chain branching is much bigger than it would be on chain termina-
tion. Taking the rates of active center creation, chain branching and chain termina-
tion into account, the critical temperature, below which explosion is impossible, is
to be found.

When starting the reaction, there is an induction period, in which active parti-
cles are built up in the system. After the induction time, the number of active parti-
cles continues to rise without limit. From this time on, deflagration is observed
which may develop into detonation.

Deflagration is the exothermic chemical reaction proceeding at subsonic speed,
a detonation proceeds in a supersonic detonation wave. While deflagration can be
initiated by mild energy release, e.g. a spark, detonation is triggered by localized
explosions caused by the impact of a shock wave. Rapid release of a large amount
of energy is typically needed to initiate detonations. However, there often is a tran-
sition from deflagration to detonation (a transition from detonation to deflagration
is not apparent). This deflagration-to-detonation transition (DDT) is relevant be-
cause of its destructive potential. Experimental observations indicate that DDT
rarely takes place in unconfined propagating flames. The presence of walls or other
spatial confinements of the propagating flame greatly enhance the probability of
DDT. In an unconfined burning, the pressure of the gaseous reaction products,
which might form small shock waves, are able to expand freely without pressuriz-
ing the unburned composition. As the burning system becomes more and more
confined, e.g. in a tube, the shock waves caused by the expansion of product gases
can reflect from the walls, then form turbulences and fold to convulsions. These
reflections, turbulences and convulsions may increase the flame velocity. The
flame, which is thus accelerated by itself, can act with the flow of the product
gases as piston in the refined system generating pressure and shock waves in the
unreacted material. This may again contribute to an even faster and exponential
self-acceleration of the flame until a miniature explosion prompts the onset of deto-
nation. The shock wave must be strong enough to raise the temperature in the
system up to roughly 1500 K in order to initiate the reaction. For Chapman-Jouguet
type detonations, Mach numbers of ~6/7 are found for the leading shock wave;
DDT takes place when the velocity of the reaction wave approaches the local speed
of sound. Experimentally, a tulip shaped or spiked flame front appears shortly be-
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fore the transition to detonation is achieved. As soon as the DDT has taken place,
the reaction proceeds through the unreacted material in a self-sustained detona-
tion.

n Check your knowledge: See Chapter 14 for Study Questions.
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2 Classification of Energetic Materials

Energetic materials which derive their energy from a chemical reaction (in contrast
to a nuclear reaction) can be classified according to their use as shown in Fig-
ure 2.1.

energetic material

high propellants primary pyrotechnics
explosives explosives
civil military propellant rocket
application | | application charges for propellants
guns

Fig. 2.1: Classification of energetic materials.

2.1 Primary Explosives

Primary explosives are substances which unlike secondary explosives show a very
rapid transition from combustion (or deflagration) to detonation and are consider-
ably more sensitive towards heat, impact or friction than secondary explosives.
Primary explosives generate either a large amount of heat or a shockwave which
makes the transfer of the detonation to a less sensitive secondary explosive pos-
sible. They are therefore used as initiators for secondary booster charges (e.g. in
detonators), main charges or propellants. Although primary explosives (e.g.
Pb(N;),) are considerably more sensitive than secondary explosives (e.g. RDX),
their detonation velocities, detonation pressures and heat of explosions are as a
rule, generally lower than those of secondary explosives (Tab. 2.1).

Typical primary explosives are lead azide and lead styphnate (see Fig. 1.17).
The latter one is less powerful than LA but easier to initiate. Tetrazene (Fig. 2.2) is
often added to the latter in order to enhance the response (sensitizer). (N.B. mercu-
ry fulminate used to be used as a sensitizer). Tetrazene is an effective primer which
decomposes without leaving any residue behind. It has been introduced as an addi-
tive to erosion-free primers based on lead trinitroresorcinate. Unfortunately, tetra-
zene is hydrolytically not entirely stable and in long term studies decomposes at
temperatures above 90 °C. Diazodinitrophenol (Fig. 2.2) is also a primary explosive
and is primarily used in the USA. However, the compound quickly darkens in sun-

https://doi.org/10.1515/9783110536515-002
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Tab. 2.1: Typical sensitivity and performance data of primary and secondary explosives.

typical primary  Pb(Ns), typical secondary RDX
explosives explosives
sensitivity data
impact sensitivity /) <4 2.5-4 24 7.4
friction sensitivity /N <10 <1 > 50 120
ESD/) 0.002-0.020 0.005 20.1 0.2
performance data
detonation velocity/ms™*  3500-5500 4600-5100 6500-9000 8750
detonation pressure / kbar 343 210-390 347
heat of explosion / k) kg™  1000-2000 1639 5000-6000 5277 (H,0(g)
NH
N/N\\ |2
[ C—N=N—N—C—NH,*H,0
~N AH
H
tetrazene
o
(0)
o_N
o,N NZ
DDNP
NO,

Fig. 2.2: Molecular structure of tetrazene and diazodinitrophenol (DDNP).

light. SAcN (silver acetylide nitrate, Ag,C, - 6 AgNO;), mainly in combination with
PETN, has also shown to be useful for the use in detonators [9].

Tetrazene (see above) is widely used in ordnance systems as a sensitizer of
primer mixes and is used in both percussion and stab applications. It has low ther-
mal stability (decomposition at 90 °C within six days, forming two equivalents of
aminotetrazole, 5-AT) and hydrolytic stability compared with other components of
primer mixes. Therefore, there currently exists the need to find a replacement
for tetrazene, which shows enhanced stability characteristics. MTX-1 (1-[(2 E)-3-
(1 H-tetrazol-5-yl)triaz-2-en-1-ylideneJmethanediamine) meets these criteria and
shows great promise as a tetrazene replacement [J. W. Fronabarger, M. D. Williams,
A. G. Stern, D. A. Parrish, Central European Journal of Energetic Materials, 2016,
13(1), 33-52]. Preliminary testing of this material has confirmed that MTX-1 has safe-
ty and performance properties which are similar to those of tetrazene, but its chem-
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Fig. 2.2a: Synthesis of MTX-1.

NO
" I
_Co L A
Ad® ON/ IN—H N N9
— ' oo
N=
(a) (b Ag

Fig. 2.3: Structures of silver nitraminotetrazolate and disilver(aminotetrazole) perchlorate.

ical properties (including thermal and hydrolytic stability) are better than those of
tetrazene. MTX-1 has been successfully evaluated against tetrazene in a variety of
chemical/output tests, including comparative testing in the PVU-12 primer.

HNS is a temperature stable secondary explosive, which is particularly useful
for blasting in very hot oil deposits, because it is stable to approx. 320 °C. Problems
in this area however relate to the initiator, since HNS is relatively difficult to initi-
ate. The most useful initiator is cadmium azide, Cd(N5),, (Tgec. ca. 295 °C). How-
ever, since cadmium is toxic, alternatives are currently being sought after. The two
most promising compounds to date to replace Cd(N;), are silver nitriminotetrazolate
(T4ec. = 366 °C) and di (silveraminotetrazole) perchlorate (T4, = 319 °C) (Fig. 2.3) [10].

Calcium nitriminotetrazolate has shown huge potential due to its large thermal
stability (T = 360 °C) and relatively low sensitivity (impact sensitivity: 50 J, fric-
tion sensitivity 112 N, ESD = 0.15 J), but at the same time good initiation behavior
with commercial pyroelectric initiators (Fig. 2.4). The corresponding cadmium salt
is also a good primary explosive.

While the environmental impact of cadmium azide in deep oil deposits is rela-
tively low, the long-term use of Pb(N;), and lead styphnate in military training
grounds has resulted in considerable lead contamination (see Ch. 1.2.3, see Fig. 1.17).
“On demand lead azide” (ODLA) is available from the reaction of lead acetate and
sodium azide. The recently introduced iron and copper complexes of the type
[Cat]z [M“(NT)[,(HZO)z] ([cat]* = NH}, Na*; M = Fe, Cu; NT = 5-nitrotetrazolate) as

“green” primary explosives [3] are rela