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Preface 

This book outlines the basic: principles needed to understand the mech
anism of explosions by chemical explosives. The history, theory and 
chemical types of explosives are introduced. Thermodynamics, en
thalpy, free energy and galS equations are covered so that a basic 
understanding of the chemistry of explosives is underlined. Propellants 
and pyrotechnics also contain explosive mixtures and are briefly intro
duced. This book is aimed primarily at 'A' level students and new 
graduates who have not pn~viously studied explosive materials, but it 
should prove useful to others as well. I hope that the more experienced 
chemist in the explosives industry looking for concise information on 
the subject will also find this book useful. 

In preparing this book I have tried to write in an easy to understand 
fashion guiding the reader through the chemistry of explosives in a 
simple but detailed manner. Although the reader may think this is a new 
subject he or she will soon fi.nd that basic chemistry theories are simply 
applied in understanding the chemistry of explosives. 

No book can be written without the help of other people and I am 
aware of the help I have n~ceived from other sources. These include 
authors of books and journals whom I have drawn upon in preparing 
this book. 

I would also like to thank my husband, Shahriar, for his patience, 
understanding and support during the many months offrantic typing. 

v 



Preface

This book outlines the basic principles needed to understand the mech-
anism of explosions by chemical explosives. The history, theory and
chemical types of explosives are introduced. Thermodynamics, en-
thalpy, free energy and gas equations are covered so that a basic
understanding of the chemistry of explosives is underlined. Propellants
and pyrotechnics also contain explosive mixtures and are briefly intro-
duced. This book is aimed primarily at ‘A’ level students and new
graduates who have not previously studied explosive materials, but it
should prove useful to others as well. I hope that the more experienced
chemist in the explosives industry looking for concise information on
the subject will also find this book useful.

In preparing this book I have tried to write in an easy to understand
fashion guiding the reader through the chemistry of explosives in a
simple but detailed manner. Although the reader may think this is a new
subject he or she will soon find that basic chemistry theories are simply
applied in understanding the chemistry of explosives.

No book can be written without the help of other people and I am
aware of the help I have received from other sources. These include
authors of books and journals whom I have drawn upon in preparing
this book.

I would also like to thank my husband, Shahriar, for his patience,
understanding and support during the many months of frantic typing.
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Chapter 1

Introduction to Explosives

DEVELOPMENT OF BLACKPOWDER

Blackpowder, also known as gunpowder, was most likely the first
explosive composition. In 220 BC an accident was reported involving
blackpowder when some Chinese alchemists accidentally made black-
powder while separating gold from silver during a low-temperature
reaction. They added potassium nitrate [also known as saltpetre
(KNO

3
)] and sulfur to the gold ore in the alchemists’ furnace but forgot

to add charcoal in the first step of the reaction. Trying to rectify their
error they added charcoal in the last step. Unknown to them they had
just made blackpowder which resulted in a tremendous explosion.

Blackpowder was not introduced into Europe until the 13th century
when an English monk called Roger Bacon in 1249 experimented with
potassium nitrate and produced blackpowder, and in 1320 a German
monk called Berthold Schwartz studied the writings of Bacon and began
to make blackpowder and study its properties. The results of Schwartz’s
research probably speeded up the adoption of blackpowder in central
Europe. By the end of the 13th century many countries were using
blackpowder as a military aid to breach the walls of castles and cities.

Blackpowder contains a fuel and an oxidizer. The fuel is a powdered
mixture of charcoal and sulfur which is mixed with potassium nitrate
(oxidizer). The mixing process was improved tremendously in 1425
when the Corning, or granulating, process was developed. Heavy wheels
were used to grind and press the fuels and oxidizer into a solid mass,
which was subsequently broken down into smaller grains. These grains
contained an intimate mixture of the fuels and oxidizer, resulting in a
blackpowder which was physically and ballistically superior. Corned
blackpowder gradually came into use for small guns and hand grenades
during the 15th century and for big guns in the 16th century.
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Blackpowder mills (using the Corning process) were erected at
Rotherhithe and Waltham Abbey in England between 1554 and 1603.

The first recording of blackpowder being used in civil engineering was
during 1548—1572 for the dredging of the River Niemen in Northern
Europe, and in 1627 blackpowder was used as a blasting aid for recover-
ing ore in Hungary. Soon, blackpowder was being used for blasting in
Germany, Sweden and other countries. In England, the first use of
blackpowder for blasting was in the Cornish copper mines in 1670.
Bofors Industries of Sweden was established in 1646 and became the
main manufacturer of commercial blackpowder in Europe.

DEVELOPMENT OF NITROGLYCERINE

By the middle of the 19th century the limitations of blackpowder as a
blasting explosive were becoming apparent. Difficult mining and tun-
nelling operations required a ‘better’ explosive. In 1846 the Italian,
Professor Ascanio Sobrero discovered liquid nitroglycerine
[C

3
H

5
O

3
(NO

2
)
3
]. He soon became aware of the explosive nature of

nitroglycerine and discontinued his investigations. A few years later the
Swedish inventor, Immanuel Nobel developed a process for manufac-
turing nitroglycerine, and in 1863 he erected a small manufacturing
plant in Helenborg near Stockholm with his son, Alfred. Their initial
manufacturing method was to mix glycerol with a cooled mixture of
nitric and sulfuric acids in stone jugs. The mixture was stirred by hand
and kept cool by iced water; after the reaction had gone to completion
the mixture was poured into excess cold water. The second manufactur-
ing process was to pour glycerol and cooled mixed acids into a conical
lead vessel which had perforations in the constriction. The product
nitroglycerine flowed through the restrictions into a cold water bath.
Both methods involved the washing of nitroglycerine with warm water
and a warm alkaline solution to remove the acids. Nobel began to
license the construction of nitroglycerine plants which were generally
built very close to the site of intended use, as transportation of liquid
nitroglycerine tended to generate loss of life and property.

The Nobel family suffered many set backs in marketing nitroglycerine
because it was prone to accidental initiation, and its initiation in bore
holes by blackpowder was unreliable. There were many accidental
explosions, one of which destroyed the Nobel factory in 1864 and killed
Alfred’s brother, Emil. Alfred Nobel in 1864 invented the metal ‘blasting
cap’ detonator which greatly improved the initiation of blackpowder.
The detonator contained mercury fulminate [Hg(CNO)

2
] and was able

to replace blackpowder for the initiation of nitroglycerine in bore holes.
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The mercury fulminate blasting cap produced an initial shock which
was transferred to a separate container of nitroglycerine via a fuse,
initiating the nitroglycerine.

After another major explosion in 1866 which completely demolished
the nitroglycerine factory, Alfred turned his attentions into the safety
problems of transporting nitroglycerine. To reduce the sensitivity of
nitroglycerine Alfred mixed it with an absorbent clay, ‘Kieselguhr’. This
mixture became known as ghur dynamite and was patented in 1867.

Nitroglycerine (1.1) has a great advantage over blackpowder since it
contains both fuel and oxidizer elements in the same molecule. This
gives the most intimate contact for both components.

(1.1)

Development of Mercury Fulminate

Mercury fulminate was first prepared in the 17th century by the
Swedish—German alchemist, Baron Johann Kunkel von Löwenstern.
He obtained this dangerous explosive by treating mercury with nitric
acid and alcohol. At that time, Kunkel and other alchemists could not
find a use for the explosive and the compound became forgotten until
Edward Howard of England rediscovered it between 1799 and 1800.
Howard examined the properties of mercury fulminate and proposed its
use as a percussion initiator for blackpowder and in 1807 a Scottish
Clergyman, Alexander Forsyth patented the device.

DEVELOPMENT OF NITROCELLULOSE

At the same time as nitroglycerine was being prepared, the nitration of
cellulose to produce nitrocellulose (also known as guncotton) was also
being undertaken by different workers, notably Schönbein at Basel and
Böttger at Frankfurt-am-Main during 1845—47. Earlier in 1833, Bracon-
not had nitrated starch, and in 1838, Pelouze, continuing the experi-
ments of Braconnot, also nitrated paper, cotton and various other
materials but did not realize that he had prepared nitrocellulose. With
the announcement by Schönbein in 1846, and in the same year by
Böttger that nitrocellulose had been prepared, the names of these two
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men soon became associated with the discovery and utilization of
nitrocellulose. However, the published literature at that time contains
papers by several investigators on the nitration of cellulose before the
process of Schönbein was known.

Many accidents occurred during the preparation of nitrocellulose,
and manufacturing plants were destroyed in France, England and Aus-
tria. During these years, Sir Frederick Abel was working on the instabil-
ity problem of nitrocellulose for the British Government at Woolwich
and Waltham Abbey, and in 1865 he published his solution to this
problem by converting nitrocellulose into a pulp. Abel showed through
his process of pulping, boiling and washing that the stability of nitrocel-
lulose could be greatly improved. Nitrocellulose was not used in mili-
tary and commercial explosives until 1868 when Abel’s assistant, E.A.
Brown discovered that dry, compressed, highly-nitrated nitrocellulose
could be detonated using a mercury fulminate detonator, and wet,
compressed nitrocellulose could be exploded by a small quantity of dry
nitrocellulose (the principle of a Booster). Thus, large blocks of wet
nitrocellulose could be used with comparative safety.

DEVELOPMENT OF DYNAMITE

In 1875 Alfred Nobel discovered that on mixing nitrocellulose with
nitroglycerine a gel was formed. This gel was developed to produce
blasting gelatine, gelatine dynamite and later in 1888, ballistite, the first
smokeless powder. Ballistite was a mixture of nitrocellulose, nitroglycer-
ine, benzene and camphor. In 1889 a rival product of similar composi-
tion to ballistite was patented by the British Government in the names
of Abel and Dewar called ‘Cordite’. In its various forms Cordite re-
mained the main propellant of the British Forces until the 1930s.

In 1867, the Swedish chemists Ohlsson and Norrbin found that the
explosive properties of dynamites were enhanced by the addition of
ammonium nitrate (NH

4
NO

3
). Alfred Nobel subsequently acquired the

patent of Ohlsson and Norrbin for ammonium nitrate and used this in
his explosive compositions.

Development of Ammonium Nitrate

Ammonium nitrate was first prepared in 1654 by Glauber but it was not
until the beginning of the 19th century when it was considered for use in
explosives by Grindel and Robin as a replacement for potassium nitrate
in blackpowder. Its explosive properties were also reported in 1849 by
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Reise and Millon when a mixture of powdered ammonium nitrate and
charcoal exploded on heating.

Ammonium nitrate was not considered to be an explosive although
small fires and explosions involving ammonium nitrate occurred
throughout the world.

After the end of World War II, the USA Government began ship-
ments to Europe of so-called Fertilizer Grade Ammonium Nitrate
(FGAN), which consisted of grained ammonium nitrate coated with
about 0.75% wax and conditioned with about 3.5% clay. Since this
material was not considered to be an explosive, no special precautions
were taken during its handling and shipment — workmen even smoked
during the loading of the material.

Numerous shipments were made without trouble prior to 16 and 17
April 1947, when a terrible explosion occurred. The SS Grandchamp
and the SS Highflyer, both moored in the harbour of Texas City and
loaded with FGAN, blew up. As a consequence of these disasters, a
series of investigations was started in the USA in an attempt to deter-
mine the possible causes of the explosions. At the same time a more
thorough study of the explosive properties of ammonium nitrate and its
mixtures with organic and inorganic materials was also conducted. The
explosion at Texas City had barely taken place when a similar one
aboard the SS Ocean Liberty shook the harbour of Brest in France on
28 July 1947.

The investigations showed that ammonium nitrate is much more
dangerous than previously thought and more rigid regulations govern-
ing its storage, loading and transporting in the USA were promptly put
into effect.

DEVELOPMENT OF COMMERCIAL EXPLOSIVES

Development of Permitted Explosives

Until 1870, blackpowder was the only explosive used in coal mining,
and several disastrous explosions occurred. Many attempts were made
to modify blackpowder; these included mixing blackpowder with ‘cool-
ing agents’ such as ammonium sulfate, starch, paraffin, etc., and placing
a cylinder filled with water into the bore hole containing the black-
powder. None of these methods proved to be successful.

When nitrocellulose and nitroglycerine were invented, attempts were
made to use these as ingredients for coal mining explosives instead of
blackpowder but they were found not to be suitable for use in gaseous
coal mines. It was not until the development of dynamite and blasting
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gelatine by Nobel that nitroglycerine-based explosives began to domi-
nate the commercial blasting and mining industries. The growing use of
explosives in coal mining brought a corresponding increase in the
number of gas and dust explosions, with appalling casualty totals. Some
European governments were considering prohibiting the use of explo-
sives in coal mines and resorting to the use of hydraulic devices or
compressed air. Before resorting to such drastic measures, some govern-
ments decided to appoint scientists, or commissions headed by them, to
investigate this problem. Between 1877 and 1880, commissions were
created in France, Great Britain, Belgium and Germany. As a result of
the work of the French Commission, maximum temperatures were set
for explosions in rock blasting and gaseous coal mines. In Germany and
England it was recognized that regulating the temperature of the ex-
plosion was only one of the factors in making an explosive safe and that
other factors should be considered. Consequently, a testing gallery was
constructed in 1880 at Gelsenkirchen in Germany in order to test the
newly-developed explosives. The testing gallery was intended to imitate
as closely as possible the conditions in the mines. A Committee was
appointed in England in 1888 and a trial testing gallery at Hebburn
Colliery was completed around 1890. After experimenting with various
explosives the use of several explosive materials was recommended,
mostly based on ammonium nitrate. Explosives which passed the tests
were called ‘permitted explosives’. Dynamite and blackpowder both
failed the tests and were replaced by explosives based on ammonium
nitrate. The results obtained by this Committee led to the Coal Mines
Regulation Act of 1906. Following this Act, testing galleries were con-
structed at Woolwich Arsenal and Rotherham in England.

Development of ANFO and Slurry Explosives

By 1913, British coal production reached an all-time peak of 287 million
tons, consuming more than 5000 tons of explosives annually and by
1917, 92% of these explosives were based on ammonium nitrate. In
order to reduce the cost of explosive compositions the explosives indus-
try added more of the cheaper compound ammonium nitrate to the
formulations, but this had an unfortunate side effect of reducing the
explosives’ waterproofness. This was a significant problem because
mines and quarries were often wet and the holes drilled to take the
explosives regularly filled with water. Chemists overcame this problem
by coating the ammonium nitrate with various inorganic powders
before mixing it with dynamite, and by improving the packaging of the
explosives to prevent water ingress. Accidental explosions still occurred
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involving mining explosives, and in 1950 manufacturers started to de-
velop explosives which were waterproof and solely contained the less
hazardous ammonium nitrate. The most notable composition was
ANFO (Ammonium Nitrate Fuel Oil). In the 1970s, the USA companies
Ireco and DuPont began adding paint-grade aluminium and mono-
methylamine nitrate (MAN) to their formulations to produce gelled
explosiveswhich could detonate more easily. More recent developments
concern the production of emulsion explosives which contain droplets
of a solution of ammonium nitrate in oil. These emulsions are water-
proof because the continuous phase is a layer of oil, and they can readily
detonate since the ammonium nitrate and oil are in close contact.
Emulsion explosives are safer than dynamite, and are simple and cheap
to manufacture.

DEVELOPMENT OF MILITARY EXPLOSIVES

Development of Picric Acid

Picric acid [(trinitrophenol) (C
6
H

3
N

3
O

7
)] was found to be a suitable

replacement for blackpowder in 1885 by Turpin, and in 1888 black-
powder was replaced by picric acid in British munitions under the name
Liddite. Picric acid is probably the earliest known nitrophenol: it is
mentioned in the alchemical writings of Glauber as early as 1742. In the
second half of the 19th century, picric acid was widely used as a fast dye
for silk and wool. It was not until 1830 that the possibility of using picric
acid as an explosive was explored by Welter.

Designolle and Brugère suggested that picrate salts could be used as a
propellant, while in 1871, Abel proposed the use of ammonium picrate
as an explosive. In 1873, Sprengel showed that picric acid could be
detonated to an explosion and Turpin, utilizing these results, replaced
blackpowder with picric acid for the filling of munition shells. In Russia,
Panpushko prepared picric acid in 1894 and soon realized its potential
as an explosive. Eventually, picric acid (1.2) was accepted all over the
world as the basic explosive for military uses.

(1.2)

Picric acid did have its problems: in the presence of water it caused
corrosion of the shells, its salts were quite sensitive and prone to acci-
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dental initiation, and picric acid required prolonged heating at high
temperatures in order for it to melt.

Development of Tetryl

An explosive called tetryl was also being developed at the same time as
picric acid. Tetryl was first prepared in 1877 by Mertens and its struc-
ture established by Romburgh in 1883. Tetryl (1.3) was used as an
explosive in 1906, and in the early part of this century it was frequently
used as the base charge of blasting caps.

(1.3)

Development of TNT

Around 1902 the Germans and British had experimented with trinitro-
toluene [(TNT) (C

7
H

5
N

3
O

6
)], first prepared by Wilbrand in 1863. The

first detailed study of the preparation of 2,4,6-trinitrotoluene was by
Beilstein and Kuhlberh in 1870, when they discovered the isomer 2,4,5-
trinitrotoluene. Pure 2,4,6-trinitrotoluene was prepared in 1880 by
Hepp and its structure established in 1883 by Claus and Becker. The
manufacture of TNT began in Germany in 1891 and in 1899 aluminium
was mixed with TNT to produce an explosive composition. In 1902,
TNT was adopted for use by the German Army replacing picric acid,
and in 1912 the US Army also started to use TNT. By 1914, TNT (1.4)
became the standard explosive for all armies during World War I.

(1.4)

Production of TNT was limited by the availability of toluene from
coal tar and it failed to meet demand for the filling of munitions. Use of a
mixture of TNT and ammonium nitrate, called amatol, became wide-
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spread to relieve the shortage of TNT. Underwater explosives used the
same formulation with the addition of aluminium and was called
aminal.

Development of Nitroguanidine

The explosive nitroguanidine was also used in World War I by the
Germans as an ingredient for bursting charges. It was mixed with
ammonium nitrate and paraffin for filling trench mortar shells. Nitro-
guanidine was also used during World War II and later in triple-base
propellants.

Nitroguanidine (CH
4
N

4
O

2
) was first prepared by Jousselin in 1877

and its properties investigated by Vieille in 1901. In World War I
nitroguanidine was mixed with nitrocellulose and used as a flashless
propellant.However, there were problems associated with this composi-
tion; nitroguanidine attacked nitrocellulose during its storage. This
problem was overcome in 1937 by the company Dynamit AG who
developed a propellant composition containing nitroguanidine called
‘Gudol Pulver’. Gudol Pulver produced very little smoke, had no evi-
dence of a muzzle flash on firing, and was also found to increase the life
of the gun barrel.

After World War I, major research programmes were inaugurated to
find new and more powerful explosive materials. From these program-
mes came cyclotrimethylenetrinitramine [(RDX) (C

3
H

6
N

6
O

6
)] also

called Cyclonite or Hexogen, and pentaerythritol tetranitrate [(PETN)
(C

5
H

8
N

4
O

12
)].

Development of PETN

PETN was first prepared in 1894 by nitration of pentaerythritol. Com-
mercial production of PETN could not be achieved until formaldehyde
and acetaldehyde required in the synthesis of pentaerythritol became
readily available about a decade before World War II. During World
War II, RDX was utilized more than PETN because PETN was more
sensitive to impact and its chemical stability was poor. Explosive com-
positions containing 50% PETN and 50% TNT were developed and
called ‘Pentrolit’ or ‘Pentolite’. This composition was used for filling
hand and anti-tank grenades, and detonators.

Development of RDX and HMX

RDX was first prepared in 1899 by the German, Henning for medicinal
use. Its value as an explosive was not recognized until 1920 by Herz.
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Herz succeeded in preparing RDX by direct nitration of hexamine, but
the yields were low and the process was expensive and unattractive for
large scale production. Hale, at Picatinny Arsenal in 1925, developed a
process for manufacturing RDX which produced yields of 68%. How-
ever, no further substantial improvements were made in the manufac-
ture of RDX until 1940 when Meissner developed a continuous method
for the manufacture of RDX, and Ross and Schiessler from Canada
developed a process which did not require the use of hexamine as a
starting material. At the same time, Bachmann developed a manufactur-
ing process for RDX (1.5) from hexamine which gave the greatest yield.

(1.5)

Bachmann’s products were known as Type B RDX and contained a
constant impurity level of 8—12%. The explosive properties of this
impurity were later utilized and the explosive HMX, also known as
Octogen, was developed. The Bachmann process was adopted in Cana-
da during World War II, and later in the USA by the Tennes-
see—Eastman Company. This manufacturing process was more econ-
omical and also led to the discovery of several new explosives. A
manufacturing route for the synthesis of pure RDX (no impurities) was
developed by Brockman, and this became known as Type A RDX.

In Great Britain the Armament Research Department at Woolwich
began developing a manufacturing route for RDX after the publication
of Herz’s patent in 1920. A small-scale pilot plant producing 75 lbs of
RDX per day was installed in 1933 and operated until 1939. Another
plant was installed in 1939 at Waltham Abbey and a full-scale plant was
erected in 1941 near Bridgewater. RDX was not used as the main filling
in British shells and bombs during World War II but was added to TNT
to increase the power of the explosive compositions. RDX was used in
explosive compositions in Germany, France, Italy, Japan, Russia, USA,
Spain and Sweden.

Research and development continued throughout World War II to
develop new and more powerful explosives and explosive compositions.
Torpex (TNT/RDX/aluminium) and cyclotetramethylenetetranit-
ramine, known as Octogen [(HMX) (C

4
H

8
N

8
O

8
)], became available at

the end of World War II. In 1952 an explosive composition called
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Table 1.1 Examples of explosive compositions used in World War II

Name Composition

Baronal Barium nitrate, TNT and aluminium
Composition A 88.3% RDX and 11.7% non-explosive plasticizer
Composition B

(cyclotol)
RDX, TNT and wax

H-6 45% RDX, 30% TNT, 20% aluminium and 5% wax
Minol-2 40% TNT, 40% ammonium nitrate and 20%

aluminium
Pentolites 50% PETN and 50% TNT
Picratol 52% Picric acid and 48% TNT
PIPE 81% PETN and 19% Gulf Crown E Oil
PTX-1 30% RDX, 50% tetryl and 20% TNT
PTX-2 41—44% RDX, 26—28% PETN and 28—33% TNT
PVA-4 90% RDX, 8% PVA and 2% dibutyl phthalate
RIPE 85% RDX and 15% Gulf Crown E Oil
Tetrytols 70% Tetryl and 30% TNT
Torpex 42% RDX, 40% TNT and 18% aluminium

‘Octol’ was developed; this contained 75% HMX and 25% TNT. Moul-
dable plastic explosives were also developed during World War II; these
often contained vaseline or gelatinized liquid nitro compounds to give a
plastic-like consistency. A summary of explosive compositions used in
World War II is presented in Table 1.1.

Polymer Bonded Explosives

Polymer bonded explosives (PBXs) were developed to reduce the sensi-
tivity of the newly-synthesized explosive crystals by embedding the
explosive crystals in a rubber-like polymeric matrix. The first PBX
composition was developed at the Los Alamos Scientific Laboratories
in USA in 1952. The composition consisted of RDX crystals embedded
in plasticized polystyrene. Since 1952, Lawrence Livermore Labora-
tories, the US Navy and many other organizations have developed a
series of PBX formulations, some of which are listed in Table 1.2.

HMX-based PBXs were developed for projectiles and lunar seismic
experiments during the 1960s and early 1970s using Teflon (polytetra-
fluoroethylene) as the binder. PBXs based on RDX and RDX/PETN
have also been developed and are known as Semtex. Development is
continuing in this area to produce PBXs which contain polymers that
are energetic and will contribute to the explosive performance of the
PBX. Energetic plasticizers have also been developed for PBXs.

11Introduction to Explosives



Table 1.2 Examples of PBX compositions, where HMX is cyclotetramethylene-
tetranitramine (Octogen), HNS is hexanitrostilbene, PETN is
pentaerythritol tetranitrate, RDX is cyclotrimethylenetrinitramine
(Hexogen) and TATB is 1,3,5-triamino-2,4,6-trinitrobenzene

Explosive Binder and plasticizer

HMX Acetyl-formyl-2,2-dinitropropanol (DNPAF) and
polyurethane

HMX Cariflex (thermoplastic elastomer)
HMX Hydroxy-terminated polybutadiene (polyurethane)
HMX Hydroxy-terminated polyester
HMX Kraton (block copolymer of styrene and ethylene—butylene)
HMX Nylon (polyamide)
HMX Polyester resin—styrene
HMX Polyethylene
HMX Polyurethane
HMX Poly(vinyl) alcohol
HMX Poly(vinyl) butyral resin
HMX Teflon (polytetrafluoroethylene)
HMX Viton (fluoroelastomer)
HNS Teflon (polytetrafluoroethylene)
PETN Butyl rubber with acetyl tributylcitrate
PETN Epoxy resin—diethylenetriamine
PETN Kraton (block copolymer of styrene and ethylene—butylene)
PETN Latex with bis-(2-ethylhexyl adipate)
PETN Nylon (polyamide)
PETN Polyester and styrene copolymer
PETN Poly(ethyl acrylate) with dibutyl phthalate
PETN Silicone rubber
PETN Viton (fluoroelastomer)
PETN Teflon (polytetrafluoroethylene)
RDX Epoxy ether
RDX Exon (polychlorotrifluoroethylene/vinylidine chloride)
RDX Hydroxy-terminated polybutadiene (polyurethane)
RDX Kel-F (polychlorotrifluoroethylene)
RDX Nylon (polyamide)
RDX Nylon and aluminium
RDX Nitro-fluoroalkyl epoxides
RDX Polyacrylate and paraffin
RDX Polyamide resin
RDX Polyisobutylene/Teflon (polytetrafluoroethylene)
RDX Polyester
RDX Polystyrene
RDX Teflon (polytetrafluoroethylene)
TATB/HMX Kraton (block copolymer of styrene and ethylene—butylene)

Examples of energetic polymers and energetic plasticizers under investi-
gation are presented in Tables 1.3 and 1.4, respectively.
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Table 1.3 Examples of energetic polymers

Common name Chemical name Structure

GLYN
(monomer)

Glycidyl nitrate

polyGLYN Poly(glycidyl nitrate)

NIMMO
(monomer)

3-Nitratomethyl-3-methyl
oxetane

polyNIMMO Poly(3-nitratomethyl-3-
methyl oxetane)

GAP Glycidyl azide polymer

AMMO
(monomer)

3-Azidomethyl-3-methyl
oxetane

PolyAMMO Poly(3-azidomethyl-3-methyl
oxetane)

BAMO
(monomer)

3,3-Bis-azidomethyl oxetane

PolyBAMO
(monomer)

Poly(3,3-bis-azidomethyl
oxetane)

13Introduction to Explosives



Table 1.4 Examples of energetic plasticizers

Common name Chemical name Structure

NENAs Alkyl nitratoethyl
nitramines

EGDN Ethylene glycol dinitrate

MTN Metriol trinitrate

BTTN Butane-1,2,4-triol
trinitrate

K10 Mixture of di- and
tri-nitroethylbenzene

BDNPA/F Mixture of
bis-dinitropropylacetal
and
bis-dinitropropylformal

Heat-resistant Explosives

More recent developments in explosives have seen the production of
hexanitrostilbene [(HNS) (C

14
H

6
N

6
O

12
)] in 1966 by Shipp, and

triaminotrinitrobenzene M(TATB) [(NH
2
)
3
C

6
(NO

2
)
3
]N in 1978 by Ad-

kins and Norris. Both of these materials are able to withstand relatively
high temperatures compared with other explosives. TATB was first
prepared in 1888 by Jackson and Wing, who also determined its solubil-
ity characteristics. In the 1950s, the USA Naval Ordnance Laboratories
recognized TATB as a useful heat-resistant explosive, and successful
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Table 1.5 Examples of explosive molecules under development

Common name Chemical name Structure

NTO 5-Nitro-1,2,4-triazol-3-one

ADN Ammonium dinitramide

TNAZ 1,3,3-Trinitroazetidine

CL-20 2,4,6,8,10,12-Hexanitro-
2,4,6,8,10,12-hexa-
azatetracyclododecane

small-scale preparations and synthetic routes for large-scale production
were achieved to give high yields.

Research and development is continuing into explosive compounds
which are insensitive to accidental initiation but still perform very well
when suitably initiated. Examples of explosive molecules under
development are presented in Table 1.5.

Finally, a summary of the significant discoveries in the history of
explosives throughout the world is presented in Table 1.6.
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Table 1.6 Some significant discoveries in the history of incendiaries, fireworks,
blackpowder and explosives

Date Explosive

220 BC Chinese alchemists accidentally made blackpowder.
222—235 AD Alexander VI of the Roman Empire called a ball of quicklime

and asphalt ‘automatic fire’ which spontaneously ignited on
coming into contact with water.

690 Arabs used blackpowder at the siege of Mecca.
940 The Chinese invented the ‘Fire Ball’ which is made of an

explosive composition similar to blackpowder.
1040 The Chinese built a blackpowder plant in Pein King.
1169—1189 The Chinese started to make fireworks.
1249 Roger Bacon first made blackpowder in England.
1320 The German, Schwartz studied blackpowder and helped it to

be introduced into central Europe.
1425 Corning, or granulating, process was developed.
1627 The Hungarian, Kaspar Weindl used blackpowder in blasting.
1646 Swedish Bofors Industries began to manufacture blackpowder.
1654 Preparation of ammonium nitrate was undertaken by Glauber.
1690 The German, Kunkel prepared mercury fulminate.
1742 Glauber prepared picric acid.
1830 Welter explored the use of picric acid in explosives.
1838 The Frenchman, Pelouze carried out nitration of paper and

cotton.
1846 Schönbein and Böttger nitrated cellulose to produce

guncotton.
1846 The Italian, Sobrero discovered liquid nitroglycerine.
1849 Reise and Millon reported that a mixture of charcoal and

ammonium nitrate exploded on heating.
1863 The Swedish inventor, Nobel manufactured nitroglycerine.
1863 The German, Wilbrand prepared TNT.
1864 Schultze prepared nitrocellulose propellants.
1864 Nitrocellulose propellants were also prepared by Vieile.
1864 Nobel developed the mercury fulminate detonator.
1865 An increase in the stability of nitrocellulose was achieved by

Abel.
1867 Nobel invented Dynamite.
1867 The Swedish chemists, Ohlsson and Norrbin added

ammonium nitrate to dynamites.
1868 Brown discovered that dry, compressed guncotton could be

detonated.
1868 Brown also found that wet, compressed nitrocellulose could be

exploded by a small quantity of dry nitrocellulose.
1871 Abel proposed that ammonium picrate could be used as an

explosive.
1873 Sprengel showed that picric acid could be detonated.
1875 Nobel mixed nitroglycerine with nitrocellulose to form a gel.

Continued
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Table 1.6 Continued

Date Explosive

1877 Mertens first prepared tetryl.
1879 Nobel manufactured Ammoniun Nitrate Gelatine Dynamite.
1880 The German, Hepp prepared pure 2,4,6-trinitrotoluene (TNT).
1883 The structure of tetryl was established by Romburgh.
1883 The structure of TNT was established by Claus and Becker.
1885 Turpin replaced blackpowder with picric acid.
1888 Jackson and Wing first prepared TATB.
1888 Picric acid was used in British Munitions called Liddite.
1888 Nobel invented Ballistite.
1889 The British scientists, Abel and Dewar patented Cordite.
1891 Manufacture of TNT began in Germany.
1894 The Russian, Panpushko prepared picric acid.
1894 Preparation of PETN was carried out in Germany.
1899 Preparation of RDX for medicinal use was achieved by

Henning.
1899 Aluminium was mixed with TNT in Germany.
1900 Preparation of nitroguanidine was developed by Jousselin.
1902 The German Army replaced picric acid with TNT.
1906 Tetryl was used as an explosive.
1912 The US Army started to use TNT in munitions.
1920 Preparation of RDX by the German, Herz.
1925 Preparation of a large quantity of RDX in the USA.
1940 Meissner developed the continuous method for the

manufacture of RDX.
1940 Bachmann developed the manufacturing process for RDX.
1943 Bachmann prepared HMX.
1952 PBXs were first prepared containing RDX, polystyrene and

dioctyl phthalate in the USA.
1952 Octols were formulated.
1957 Slurry explosives were developed by the American, Cook.
1966 HNS was prepared by Shipp.
1970 The USA companies, Ireco and Dupont produced a gel

explosive by adding paint-grade aluminium and MAN to
ANFO.

1978 Adkins and Norris prepared TATB.
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Chapter 2 

Classification of Explosive Materials 

EXPLOSIONS 

An explosi on occurs when a large amo unt of enersy is suddenly re
leased. Thi s energy may come from an over-pressu rized steam bo iler. or 
from the products of a chemical reacti on invol ving explosive materials, 
or from a nucl ear reaction which is uncontrolled. In order for an 
explosion to occur there must be a local accumulation of energy at the 
site of the explosion which is suddenly released. This release of energy 
can be dissipated as blast waves, propulsion of debris', or by the emission 
of thermal and ionizing radia li on. I 

These types of explosion can be di vided into three groups; physical 
explosions such as the over-pressurized steam boiler, chemical ex
plosions as in the chemical reactions of explosive compositions, and 
atomic explosions. 

Atomic Explosions 

The energy produced from an afomicor nllclear-explosi on is a million 10 
a billion times greater than the~ enefgY- produCed from a chemical 
explosion. T he shock waves from an atomicl'explosion 3re simi lar to 
those prod uced by a chemical explosion but wiJIlast longer and have a 
higher pressure in the positive pulse and Ii loWet pressure in the negative 
phase, T he heavy flu x of neutrons producM from an atomic explosion 
would be falal to anybody near the explosion. whereas those who are 
some distance from the explosion would be harmed by the gamma 
rad ial ion. Atomic explosio ns a lso emit intense infra-red and ultra-viole t 
radiation. 

Cfassijiclllio" of ,~ \ " " , ,i, 
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'>hysku l Exp losions 

A physica l explosion cun a risc when 11 substance whilst bcillg com. 
pressed undergoes a rn pii.l physicll l trnnsformnti on. At the Slllll e tim c 
the potential energy or the su bstance is rapidl y Ira nsrormcd in to kincti~ 
energy, and ils IClll per:llurc ,rises ra pidl y. res ulling in I he prod ue ti on or a 
shockwave 111 the su rroundlllg mcdium. 

An example of a physical explosion is the erupt ion of the Kwkat na 
vO,lca no. in 1883, During this eruptio ll a large quanlit}, of molten la va 
spIlled Into the ocean callsi ng abollt I cubic mile or sea wOlter to 
vapourize, This rapid va porizat ion cre,lIed a blasl wave which cou ld by 
heard tip to 3000 mi les away. 

(JlcmiCII I Exp los ions 

A chel1li~a l explosion is the resu lt or a chcmica l rcacl ion ur change of 
Slate which occurs over an c;'(ceedingly sha rI ~ pace of timc with thc 
ge nera ti on, of a la rge. am o unt of heal :llld general ly a large qU:lnti\y u f 
gas. Chcmlcal explosIOns are produced by composit ions which con tain 
explosive compou ni.ls a nd which a rc cOlH prcsscd toget hcr hUI d(l not 
necessarily need to be co nfincd. During a chcmica l expl osioll an ex
ttemel~ rapid cxothermic transformatio n ta kes pla(.'C resu lt ing in the 

rorma tlo n of very hoi gases and vapo urs. Owi ng 10 the e;'(t rcmc rapidity 
?f the reacti on (o lle- hund redth of a second). Ihc gases d o lIo t e;'( llam.l 
IOsla ntaneously but remain for n rraeti on of a seco nd inside the COIl

ta iner occupy~ ng the v?lulIle that was once O<Tupied by the e;'(plosive 
char.ge. ~ s IhlS Space IS ex tremely small and Ihe tempera ture of cx
pl oslOn I ~ extremely high (severn I thousa nds of degrees). the result ;! nl 
pressure IS therefore very high (se\'eral huml reds of al rn ospheres) _ high 
en o u~h 10 produce a 'b!aSI wa vc' which will brea k the w;tlls of the 
con la~ner and cause damage 10 Ihe surrounding objects, If the b!ast 
wave IS strong en oug h. damage to distant o bjects can also occur. 

The types of explos ion described in this boo k are based on Ihe 
ex plosions ca used by Ihe chemica! react ion of explosive compositions. 

CHEJ"IICAL EX PLOSIVES 

The majority o,r s ubs lance~ which a re classed OI S chemica l explosives 
genera lly contmn oxygcn. 111 1 rogen and o.'( idizable elcment s (fuel s) s llch 
as ~atbon and hydrogen. The o;'(ygen is generally a llached to nitrogen. 
aS, 1Il the gro ups NO, N0 2 :lnd NOJ • The except io n 10 th is rule are 
aZldcs, such as lead :! 7iue (PbNrJ. anu lIilrogclI cOl1lpoltl1d~ s llch a~ 
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nitrogen trii odide (N I)} and azoimide ,(NHJNI J), which contain no 

oxygen, , 'I' I " ' " 
In the event of a chemical reaction, the nitrogen a nd oxygen mol

ecules separa te and then unite ' 'J.. ith' 'the f~eI component s as shown in 
Reaction 2, 1. "I' l' 

", ! 

,: ", 
,. 11 

...!..!...-. JeD + 311,0 + 3N, 
(2. 1) 

" I " 

During the reaction large quanti ties of energy are liberated, generally 
accompanied by the evolution of hot gases, The hea t given oul during 
the react ion (hea t of reaction) is fhedi fference between the hea t requi red 
to break up the explosive mo,leeplellinto; its elements and the heat 
released on recombin ati on of these elements 10 form CO 2, H10 , N l , efe, 

•• 1 • ", • 

r " •. I"", J,"" • ., . 
Classification Jr Chemical Explosh'es 

, • , •• tI t, • 
Classificati on or explosives has been undertaken by many scientists 
throughout this cen tury. and explosives hhe been classified with re
spect to thei r chem ical na ture and to , their performance and uses. 
Chemical explosives ca n be divided into two groups depending on their 
chemical nature; those that.a re classe4 as su~stances which are explos
ive, and those that are expJo,JY.N~,t~~~;~,! s..~ch fl!i blaekpowder. 

Substances that are expl~SiV~ ~otl aln ,lJiqlecular groups which have 
, , I\tf'\: , ' • .r':lr'f 

ex pl osive properties. Exam ' ~ ...... QJ,thes.e.t1jp ecular groups are: 
. '1 i.l'riOII 1.:1')\' :.1) ,I'it t! } 

(1) mtro compounds; .1.'" , 
••• \I III 'N' tjV;'14 .,\. 

(2) nitric esters; lJdl 

(3) nitramines; 
(4) derivat ives of chlorie 
(5) azides; 

(6) m'::;:::~;:"~,~~;;~~~~~~~!!:':!l fulminates, acetylides. 
peroxides and ozon ides, 

, ror example, 
such as letrazene, 

A systematic approach between the explosive 
properties of a molecule a nd by va n't Ha fT in 
1909 and Plet s in 1953. Accordihg properties of 
any substance depend upon the i structural group-
ings. Plet s divided explosives into eight cHtUes as sho wn in Table 2, 1. 

1, 

1 , 

'. 
f 
t 
f 
I 
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GrOlip 

- 0 - 0 - and 
- 0-0- 0 -

- OCIOl and -OO Ol 
-N-X1 

NO l and - ON0 1 

- N=N- and 
- N= N- N-

- N::.C 
- CI!IIC -
M- C 

Exp/osil'l' fvmpmwds 

I no rga nk and organic pcro ,~idcs amI (' 7()rti{tc~ 
Inorganic and or ganic ch lor ates :1tlll pl'rchlor:!lC:~ 
Where X is a halogen 
Inorganic n ntl organ k suhstances 

I norganic and orga nic , I l ldl'~ 

Fulmi nates 
Acetylene ltnd metal acer) l ide~ 

Meral bonded \\ irh carbon in some o rga nomet" ,lic 
cotJ1poltnd~ 

Classifyi ng explosives hy the prescnce (If ccrlaill molecu lar groups 
does not give any inforrna tion lin the performa lice of I he ex pJosi \'e. A Fa r 
belter way of cla ssifica tion is hy ped'orma llC(' :llId uses. lIsi llg Ihi~ 
classi fi cat ioll, e .\ p l os i ve~ Cll n be divided into Ih rce cla~~cs: (iJ pri t)lary 
explosives, (ii) s('n' ndllry ex p J n~i ves, and (iii I p1\lpdl :ltl l ~ :r~ ~h {H\tI In 

Figure 2. J. 

I'IW\ IAIt \ ' 1':XI'I.US lvtS 

Prima ry explosives (a lso knuwn ,IS primary high e.\p l p~i\'es) di lfe r fro m 
second ary ex plosi\'cs in that they undelgo a \'er) ra pid tra nsi tiun i'WIll 

burning to delonat io n anti ha ve' he abi li ty to t ra nsmil I he detonati o tl 1 (l 
less sensiti ve cxplosives. Pri ma ry explosives wi ll deto nate when they are 
subjected to hea t or shock , O n detonat iu n the molecules in thcexplosi\'c 
di ssociate and prod lice a lfellJendous a lll oun t of hea l and/o r shock, This 
will in turn ini(ia le a seco nd . morc stable cxplosi\·e. For these reaSOIlS, 
they are used in ini ti a tin g devices, Thc reaction schem e for thc decom
posi tion of the pri mary explosive lead azide is given in Reac tion 2.2. 

(2.21 

This reactio n is endo thermic, taking in 213 kJ of energy. According tu 
Reaction 2.2, one alorn of nitrogen is ex pelled fro m the N; ion, Thi s 
nitrogen then re:rcls with another N.l ion to form two llHllccu les of 
nitrogen as shown in React ion 2.]. 

1Il PbN, + N --+ Vz Pb1
' + NJ-·t- N --+ I/ !I 'b + 2 NI (2.J) 

Reaction 2.] is highly exot hcrmic, produci ng 657 kJ of cnergy, The 
decompos ition of one N ;- group may in v(llvc 2 J neighhm trill!! N ;-
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groups. If these groups dCCOfnposc simu1t;Hlcously, the decompositio n 
of 22 NJ ions ma y occur. Thus the rapid transition of lead ;wide to 
delonatio n may be acco unted fo r by the fa ct tlHl t decompositi o n of a 
small number o f molecules o f lead :lzidc ma y induce nn explosio n in n 
sufficientl y large number o f N ; io ns to cause the ex plos ion of the who le 
mass. 

Primary expl osives differ conside r" bly in their sensiti vity In heat a lid 
illthc amo unt o f heat th ey produ ce 0 11 deto nati o n. T he hea t ami shock 
on detona tion can \'a ry bul is comparable 10 that for seco ndary explo
sives. Their detonati on ve locities arc in th e range of 3500 - 5500 111 s " 

Primary c;liplosives ha ve a h igh d eg.ree o f sensitivity to iniliali(ltl 
lhrough shock. fri ction. electric spark o r Il igh temperatu res a nd ex pl ode 
whet her they ate co u l1 ned or unconfined . T ypicn l p rinwry explosives 
wh ich a re widely used are lend azide. lead styphna tc (trinitro resorci 
natc), lead mon o n;t ro reso rcinate ( L tv! N R), po tass ium dinitrobel17o
fu rozan (KDNBF). barium slyphnnleand po tassium perehl o ral e. Olher 
prim ary explosive materials whic h a re 110t frequcntl y used hx1ny a rc 
mercury azide. pOlassium ehl omte tll1d mercury fulmintllc . 

SECO DAR" EX PLOSIVES 
Seconda ry explosives (a lso kn o wn as high ex plosives) differ fr o m pri 
mary expl osives in Ih a t they ca nno t he det o nat ed ren di!y hy heat or 
shock and lITe gcnera lly lUo re p(lwcrfu l than p ri mary e)lpl{lsi \'cs. Sec
o nd ary clIplosivcs are les$ se nsiti ve thtln primary explosives and e,lI l 
o nly be initialed 10 det o natio n by the shock produced by the explosio n 
o f a prim ary explosive. On initiati o n, the seco nd;!ry explosive co mposi
lio ns dissociate almost instanttlneo usly into o thcr more stable COIll 
po nents. An exmnple of this is sho wn in Reaction 2.4 . 

(l.4) 

RDX (C) H6N(,0 6) will explode vio le ntly if stimulated with a primary 
ex plosive. The molecular structu re bre<lk s do wll o n ex pl os io n leavin g, 
mo mentaril y, a disorganized IlltlSS o f tlto ms. These immcd iately recOIll
bine to give pred o mi nantly g:.seous products evolving a conside ra ble 
amount o f heat . The deto nati on is so fas t Ih<lt a shockwa ve is gencrnled 
th a t acls o n its s urro und ings wilh grent bris:lIlce (o r shalle ring clTcct) 
before the press ure o f Ihe exe rted gas ca n take elTect. 

Some second a ry ex pl nsi \'es a re so sta b le th a t tine bullets ca 11 be fir cd 
thro ugh them o r they call be se t 0 11 fi rc wi tho ut detonating. Tll c 1ll000C 
Slable explosives whidl dc tol\tltc al ,"en hi!!11 \dllcitic~ {"(crl :r lIluch 
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grealer force during their detonation than the explosive materials used 
10 init ia te them. Va lues o f their detonatio n velocities are in the range o f 
5500- 9000 m 5 - 1 !! ,,;;.) to •• I . . 

Examples of secondary explosives are TNT, letryl, picric acid, nitro
cellulose. nitroglyceri ne, nitroguanidine, RDX, HM X and TATB. 
Examples o f cOlllmercia l secondary explosives are blasting gelatine, 
guhr dynami te and 60% gelatine dynamite. 

PROPELLANTS " ., 
Propella n ts are combustible materials containing within themselves a ll 
the oxygen needed ro r their co mbustion. Propellants on ly burn and do 
nol expl ode; burni ng usually proceed s rather violentl y and ;s acco m
panied by n name o r spnrks a nd a hissing o r crackling sound , but no t by 
a sharp. loud b:lI1 g as in the ease o f detonating explosives. Pro pe llnnts 
cnn be initiated by a name o r spark, and change from a so lid to " 
gllseOliS state rclat i vcly slo wly, i.e; in a matter or millisecond s. Exam pies 
o f propellant s ure black powder, smokeless propellant, blasting ex plos
ives and amm o nium nitrate explosives, which do Ilot con tai n nilro, 
glycerine or other a ro matic nitro compo unds, 

C II J::MICAt DATA ON EXPLOSIVE MATER IALS 

Primary Exp!osil'es 

Mercury Fuimi,/ate 
I fl 'f, i,'",-,..1' ," J ;" 

Mercury fu lm inate (C1N l ~'hH g) {2It) is.Rbtained by treating a solutio n 
o r mercu ric nitrale with alcohol in nitric ~cid, . ,. '- '..:v.:.; 

I. .... Ji It: Il';&lt,tjl Hi! 
(C- NOlJIla: 

" ,II(, I (flY: ~ .0/ ' .. , 
This reactio n, together wit1J t\'I P.f9,.9.u~~k,!~.) ~een stud ied by a number 
of chemis ts, incl uding Li~b)g,.uy.n:q'8.%'~a.I:\ ,!lccoltnt of, the elementary 
chemical composi tion o f fp,l.wJn.aliWl\.lI,)'~~';f ifhe mechani sm of the 
reaction which results in thlf lfprtrll!.tipjti9r~W.l?rcury fulm inate was, re
po rted by Wieland and bY ,~9,lc;m~n,lJ.JP; fiQ?.t.¥:nd,1910, respecti vely. 

The most impo rtant expJp~ i ~~.~r<iP.rt.ltr?f! lT!ercury fulminate is that 
after initiation it will easily ,de;tonltleJ PIJ ,~~~onation , it decom poses to 
stable products as shown in Reaction 2.5, ~ 

(2..5) 

i , 

Table 2.2 Propt'rl i(,J "1 ",('re//r.I' /illmilUlh· 

Colour 

Molecular weigh t 
Decomposition tempera ture! (" 
Thermal ignition temperat ute.' C 
Cry5tal density al 20 ' C/~ crn l 

Energy of fonnali on/kJ kg-' 
Enthalpy of fo rmationjkJ kg - I 

GI(~)'. pale bro\\11 or \\hitc 
CI ) stalline ~olid 
2846 
9\1 
170 
4 42 
+ 1,) 5~ 
1 l)41 

" 

Mercu ry fulminate is ~el1sili \'e to im pact and friction. alill is ea~ily 
detonated by sparks and flames. It is d e~c tl ~i l i7ed hy the additio n o f 
waler but is vcry sensi ti \'c III sunlight :1Ift! dcc('m pt '~c~ wich thc evo
lution o f gas. Some of I hc propcr! ies o f mn C\lt")' fu I 111 i fl atc 11 rc pre~cnlcd 

in Ta blc 2.2. 

Lead azidc (PbN,J (2.2) \\' 1 1 ~ li! st Pl cp:u cd h~ (. ' 1tI"tIU~ ill 11(91. 

1'1= 1'1 *= 1'1 -
/ 

I' b 
'1'1= 1'1+ 1'1" 

(L2) 

Curti us added lcad aceta te to a solul io n of sodium o r <tI I1I1l 0 nilllll azide 
resulting in the fo rm atio n of lead azide. In 1893, the Prllssiall Govern
ment carried Oll t an investigat io n in to using le:td azide as an explosive in 
detonators. when a fal:!l :!ecident occ urred :lIId sto pped all experi mcnt:!l 
wor k in this are:! . No further work was ca rricd o ut 0 11 lead (Izide until 
1907 when Wo hler suggested Iha l le:ld :t7ide co uld replace mcrcury 
fulminate as a detonato r. The 111 a llufacture o f lead azide for m iIi ta ry a nd 
commercial primary explosives did no t COll1nlellCe unti l 1920 beca use of 
the hazard o us Ilat ure of the pure crystal line IlwteriaJ. 

Lead azide has a good shelf life in dry conditions. but is unstabl e in thc 
presence of moisture. ox idi zing :!genls and amm o nia . It is less se nsit ive 
10 impact than mercury ful mina te. nu t is more sensi livc to fri clion, Le:!d 
azide is widely used in det ro na tors beca use of its high cnpaci lY for 
init iati ng o ther secunda ry ex plosi ves tn tleto n:!.t io n. On ;1 wcig.h t basis. it 
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Table 2.3 Pruper/ies ,,[lead (lzide 

CjJ(lrac leristic.~ E.'(piosiLoe material 

Colour Colourless \0 while crystalline 
solid 

Molecular weight 
Dccomp<:!si lion tcmpernturef C 
Therma l ignition ternperature( C 
Energy offoTmal ion/kJ kg - I 

Enlhllipy of formalion/kJ kg - I 
Crystal densit y at 20 °C/gcm-) 

l·form orthorhOmbic 
fJ·form monoclinic 

291.3 
190 
]27 - 360 
+ 1450 
+ 1420 

4.17 
4.93 

" II I' 

is superio r to mercu ry fulminate In this rolc!!1 However. since lead azide is 
not particula rl y susceptible to initlatlon by Impac t It is no t used alone in 
inil iato r componen ls. ln slead, it is used with leadstyphnate and alumin
iu lU (I\SA mi x Imes) fIJI military detonators, in a mi xlurc with tc lrazcnc, 
"lid i ll a co mposite arrangement topnt:d ,with a more sensi tive compos i-

. , w f;ii • 
tlOIl. " ';' ., 

Lead azide can ellist in two allotropic ronn s; the more stA ble a- form 
which is o rt horhombic. and the fJ-forrn which is monoclinic. The a-fo rm 
is prepared by rapidly stirring' a sol utib~ ofsodiu·m azide with a solution 
o r lead aceta te o r lead nitrate, whereas 'the p-{orm is prepared by slow 
diffusion of sodium azide in lead nitra te soluti ons. The p-rorm has a 
tendency to revert to the a-fo rm when its crystals are added to a solution 
containing either the a -fo rm crystals or a lead salt. Hlhe p-form crystals 
arc left a l a temperatu re of ,... 160°C they will also convert to the a-form . 
Some of the properties of lead azid e are presented in Tabl e 2.3. 

r : "t\' 1., ~· llr 
'1'0,' y\,l i 11"'1\ 

f·.,,· "'Vp. II."l,., 

l:~al9}~~!'l!~lfJ'I'" 
Lead styphnate (2.3). also :' knowi\1tA~ t lead" 2,4,6-lrinitroresorcinate 
(C6H }N}09 Pb). is usually prepared 'bY· a~di11g a solution orJead nitra te 
10 magnesium styphnate. Lead styphnafe is practica lly in soluble in 
water and most orga nic solvents. It is very Stabie at room- and elevated 
tcmpera tu res (e.g. 7S 0c) and is nori-hygrDsco pic. Lead styphnale is 
elleept ionall y resistant towards nucleatr radiation and ca n easily be 
ignited by a name or electric spark. II is very sensitive to the d ischa rge of 
static electric it y and many accidents have occurred during its prepara 
tion. Al!empt s ha ve been made to reduce its sensi tiveness 1 to static 

Table 2.4 Properli.,. 1{lelld . 1 \ 1'/"WI(· \it-wll.4.6-lrlll ill"tln' ''Jl"f''W1d 

Charafler;s l ic.~ 

Colour 

Molcculnr wei~ht 
Decomposit ion tC1II pcruture( C 
Thermal ignition temperaturel C 
Crystal density at 20 "C/g C!1l ' 
Energy of fo rmalion/kJ kg- ' 
Enthalpy of ror rnat io n/kl kg- 1 

O'N~NO' y o 
NO ; 

(2.Jl 

O rn llgc-yc Uow to d:nk brOIl 11 
cry~tal1inc ~ofiJ 

468.3 
2.1 S 
267 268 
3 06 

1785 
- 1826 

2· 

27 

discha rge by add ing graphite. hut S(l far thi<; ha ~ hecn Ullsm:t'cssful and 
lead styphn ale continues to be very da ngcrous tll handle. 

Lead slyphna le is a weak primary explosive because of its high Illl'w l 
content (44.5% ) and therefore is no t used in the filling of de lo rlllt o rs. It is 
used in ignition caps. and in the ASA (i .e. lead azide. lead sl},phn a lc ami 
oluminium) mill tules for dctuna to rs. Some of it~ J"Ir t.pert ic ~ arc shown in 
Table 2.4 . 

Si/toer Azide 
Si lver azide (AgN J) (2.4) is manufactured in the samc way a<; lead <l7idc. 
by Ihe actio n of sodium <l7ide 0 11 silver nitra te in an aqueous solutioll. 

;\gN= N+- "'

(2.41 

1 In th is book the 1~'1fI '~eI1Sil ilen~""s' i. IIwd I,· .. k~enbc the r~'I'Ql1!.l' " r :on nl'l"" Il' " . 
accidcnla l inilialioll. i .... " ",11(,11. "" I':Ict. <'I,. "he-.ea. ''«'''''"'I It) ' i. l1wd "hen lhe 
e. pfosil·c ;$ illlliated tw n\rn - ~ce-;de"wt nl('lIH" " . ' " .hod 11('1"" 1'11111"'1 nl'lf""'e-
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Tabl" 2.5 PrOfltrtil'.~ of sillJl'r azide 

ChartlclrrjSlics Explosi llf'mattrial 

Colour 
Molecular weight 
Melting tempe/alurer e 

Fine white crys talline solid 
149.9 

Thermal ignitio n tempcra!ure/"C 
Crystnl density at 20T/gem - ' 

2" 
27J 
5.1 

Sil ver azide IS slightly hygroscopic and is a very vigoro us in it iator. 
alm ost as dlicic nt as lend azide. Like lead azide, si lver azide decomposes 
under the innucnce of ultra-vio let irradiation. If the intensity o f radi
at ion is sufliciclll ly high the crystals may explode by photochemica l 
decomposition. The ignition temperature and sen siti veness to impact o f 
silver azide are [ower than that of lead azide. Some of its propert ies are 
present ed in Table 2.5. 

Tetraulle 
Tel ra zene o r {clrawlyl guanyltetrazcnc hyd ratc (C2 HSN 100) (2,5) was 
firs t prcpa rcd by Hoffmann and Roth in 1910 by the actio n ora ncutra l 
so lutio n of sodiu m nitrite on aminoguanidine salts, In 192 1, Rathsburg 
suggcsted th e use of tetralcne in explosive composi ti ons, 

Ind/or 

N~N 

~ \ -NII-"NII- N:N-C:-NHl' 1110 

(, 
"'IIH ) phn il ~ II ' 

- N I ,I "'l·.P~ j~ jl,o ' i!; . 

(i:s}'t il.L' 
, "f·(\ ~:;:t 

Tetrazcne is s lig htly hygroscopic ~fid ;i1.ble at ambientternperatutes. It 
hyd rolyses in boiling waler evolvirli hitrogen gas. Its ignitio n tempera
ture is lower than tha i fot mercury fulminate and it is slightly more 
sensitive to im pact tha n mercury fulminate. 

The detonation pro perties of te'traztme depend o n the den sity of the 
malcri:tl . i.e. it ~ compaction. Tetrazene will detonate when it is not 

C/1I55ijiCatiol1 "I I: "<pl".<il 'I' /lf oif'ri(lls 

Colour 

Molecular weight 
Decomposition tcmperatulc! C 
Thermal ignitio n tempera I ttll'! (' 
Crysta l tl ensity~ t 20 ' Cjf..("I11 ' 
Energy offorrnati()lI/kJ kg I 

Enthalpy of formnlion/ kJ kg - 1 

Light colourless or palc ) "liow 
cr} st;tl line solid 
188.2 
I()(I 
14() 

17 
-i J 130 
t Illn~ 

29 

compacted but whcn prc<;<;cd it produces a weaker dct o lta tlt' lL These 
compactio n prope rt ies makc Ihe tra IIsilioll fl OIll bu riling 10 d cton:1I iO Il 

ve ry diOi cult. Thcrefore. tctralCllC is III1 ~ u i l ; dllc for li ll i ll ~ d ctt> lI;ll ors 
Tetrazene is uscu i ll ig ll ilil~n caps where a Sill;! II am o lliit is ad dclllO the 
expl osive compo~itio ll to improve i t ~ ~e n~ i tiv it } to perclI<;si()U and fr ic
ti o n. SOIllC of lhe PI"l' I>Cl lics l,rl e llal elle arc g l\'e ll in ' I ;Iblc 2.(" 

Sl'contlnry [xplusill'" 

N i' /"O!/1.t'!'I''';/ IC' 

Nitrogl ycerine (C, II SN j O,,) (2.6) was first prcpared hy tlt e It alian . 
Asca nio So brcro in 1846 by adding glycerol to:t mi xture o f sulfuric :tl ld 
nitric acid s. In 186], a labo ratory plant was set lip to I1l<1llll fadure 
nitroglyceri ne by th e Nobel fa mily. In 1882. the HOI/ 1JH }' I' a ucher pro
cess fo r the ma nufacture o f nitrog lycel inc was devel(l pcd in I' ra nce und 
also adoptcd in Eliglllllll . 

11 

"~-O-NOl 
IJ - '-O- NOl 

IJ - - O- NO: 

11 

(2.6) 

, Nitroglycerine is a ve ry powerful sec(lildary ex pillsi\'e wi th a high 
brisa nce, i .e. shatt erin g efTcc!. and it j~ OIlC (If tile rn()~ t irnp(l riant and 
frequently- used compollC' nts fo r gelat ino us cOlltlllcrda l explll~i\'cs. Ni 
troglycerin e also pro \' idcs " so m cc of hig h ellcrg}' in pw pcl lnn t CIl1l\ 
positio ns, a nd in combin:lli n n wi th nitnlcc llllhl~c and s tahil ilCr~ il i~ thc 
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Table 2.7 Proplm it's of IIi/rog/yeedllt 

Colour 
Molccula l weight 
Melting Icmperature( C 
Thermal ignition lcmpcraturef C 
Density al 20 T /gcm ' J 

Energy of fornllllion/kJ kg - I 

Enthalpy of forrnalion/kJ kg - I 

Explosive malerial 

Yellow oil 
227.1 
IJ 
200 
LS9 
- 1547 
- 1633 

-\, . 

Clwpler 2 

principa l component of explosive powders and solid rocket propella nts. 

Nitroglycerine is toxic to handle! causes headaches, and yields tox ic 

prod ucts on detona tion . It is insoluble in'Wa ler but read ily d issolves in 

most orglwic solve nts and ill a large number of aromatic nitro com

pounds. and forms a gel wilh nitrocell ulose. The acid-free produc t is 

ve ry stable. but exceedingly sensitive to impact. Some of the propert ies 

u f nilwgJ yccri lie arc prcse nlcu ill Table 2.7. 

N.il rocell.~lo~e 

Nitrocell ulose (2.7) WIIS d iscove~ed By c.r. Schonbeim at Bosel and R. 

Bottge r at Frankfurt -am-Main dunhg! 1 845-47~ The stability of nitro

cellul ose was improved by Abel in 186Sland its detonation properties 

were developed by Abel's assistant, Brown. !" 

- 0 

, 
(17) " 

The name, nitrocellulose does nof~re.rer to a sitlgle type of mo lecular 

compound but is a generic term deriqting-a famil y of compounds. The 

cus tomary way to define its [ compdsition . is ~to express the nitrogen 

con tent as a percentage by weight. The number of nitra te groups present 

in nitroccllulose can be calculated using Eq uation 2. 1, where N is the 

percentage of nitrogen calculated from chemical analysis. 

Clossificml"l1 of E\/'I"", '(' '\' ,II t''''''/' ! I 

,. 162N 

14(j{) 45N 
(2.1 ) 

If the structure fo r the uuit cell of \;:dlul ose (2.8) IS wriuen as 

C6
l-i 70 l (OH)J' the n nitrocellu lose cau be writtcn as 

C
6

1-1 70 1(OH)"(ON0 2,,., where '( + J' = 3. 

- 0 

A product co tltaitli tl g. 

[C6 H 7 0 l (OI I I,(ONOzhJ 
Equation 2.2. 

(VI) 

till n IICI agc t 1\1(1 

will co ntaiu 11.1 1'Yo 

162N 

2 = 1400 45N 

2(1400 ~ 45N) :5 162 N 

2800 - 90N = 162 N 

[1.1 = N 

" 

!litlate gl"lI IlP~ . . i .I'. 

nitl"ugclt as sho\\'l1 in 

(2.2) 

A produc t containing three nitrate g ro ups, i.t.'. [C(, I I 701(ON01)JJ. will 

therefore contain 14. J 4 % ni trogen. In practice, nitrocell ul ose composi

tions used in explosive applica tiolls vary rl"O[l1 10 to 13.5% of nitrogen . 

Ni trocellul ose materials prepared from cotto n are fluffy white <:(l lid<:. 

whi ch do no t melt but ignite in the region of 180 ~c. They arc sensiti vc to 

initiation by percussion or electrostatic discharge and can be desensi ti z

ed by the additi on of water. The thermal stabilit y \~ f nitrocellulose 

decreases with increasing nitrogcn co ntent. Th e chemi ca l st:lb ili ty of 

nitrocellulose depends un the removal of all traces of acid in the manu

facturing process. Cel lulose is inso luble in organic so i llent~, whereas 

nitrocellulose dissolves in orga nic solllellts to fo rm a gel. The gel ha s 

good physica l properties due 10 the P{ll Ylil crit: nature of uilrol'cllulnse, 
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Tllble 2.R l'rfJ /H.','ieslljnitrr>ecliu/ose 

Ch(rr(lcreriflirs 

Colour 
Molecular weight of s tructural unit 

Melting temperatu refC 

EXp/os ille mCHerja / 

While fibres 
324.2 + o/.N/14.14 
Does nol melt 
190 

Cirrrpler Z 

Thermal ignition tcmperalurcf C 

Dcnsily aI 20 "C/gcm - l 

Enugy offor trllHion/ kJ kg - I 
1.67 max value by pressing 

13.]% Nitrogen 
1100/. Nillogen 
125% Ni trogen 
12.0% N itrogen 
11.5% Nitrogen 
[1.0% Nitrogen 

Enthalpy orrormation/kJ kg- r 

13.]0/. Nitrogen 
110"1. Nitrogen 
12.5°/. Nitrogen 
12,0% Nitrogcl1 

11.5'/. Nitrogen 
11.00/. Nitrogen 

- 2394 
-2469 
- 2593 
-2119 
-2844 
-29?9 ' 

I -2483 
-2563 
-2683 
-281 1 
-2936 

. ,,, "") m 3094 I 

and is an essent ial feature of gun propel/an ts, d ouble-base rocket pro

pellants, gelatine and semi-gelatine commercial blasting explosives. 

Some of the properties of nitroceiJuJO'Srifepresellted in Table 2.8. 
.. ~ ~" (\ 4",., 

, I n.J.. - filjf·f .I~ 

IPlcr jOo'/J.cldOOi/ ·, 

Glauber in 1742 reacted nitriqacid with !'wool' or horn and produced 

picric acid in the fo rm of lead\of" pb(a'sslum picra te. In 177 1. Wou lfe 

prepa red picric acid by trea ting ind igo/ with nltric acid, and in 1778 

Haussmanll isolated picric acici.~a,lso~ known ,as 2,4,6-t rinitrophenol 

(Cr;H ,N ,01)(2.9). ·J !"d t!~)1. ;j. ~. 

" 

ON~: .,,' " 9 NO, ,' 

NOI ,·] .., 

r. J (19) '" ,. :,: .. " 

-I r' 

Other ea rly ex perimenters obtained ' picric acid by ni trating various 

orga nic su bsta !lces such as si lk , natural resin s, etc. The correct empirical 

C/wrac/('risfics 

Co lour 
Molecular weight 
Melting temperature! C 

Thermal ignition temperature( C 

Crystal densit y at 20C/gcm ) 

Energy of formlltioll /kJ kg r 
Enthalpy of forma[ion/k} kg I 

Ycllow Cly~t[l ltil1c soliJ 
229.1 
122.:-> 
)00 

I 161 
-81.1.8 
- 944 J 

fo rmula fo r picric acid was dctermined by La urent in 1841 who pre

pared the acid by re'lcling phcnol wit h nitric add and isolated diuil

tophenol which was formed in an in termedia te stage of the reactioll. 

Picric acid is a strong acid, very toxi c, soluble in ho t wa ter, alco hol. 

ether, benzene and ace tone, and is a fast yell ow dye for silk and wool. It 

attacks co mmon mcta ls. except fo r alu miniulIl and tin, and produces 

snits whieh arc very cx pl (l~ive. Thc cxplusive power of picric acid is 

somewha t superior to that of T NT. bo th with regMd to the s trength alld 

the' Jelotliy of det onation. 

tr'Pieric1cid was used in grcnadeand mine fillings "nd had a tcndency 

lti forth ithpacI-scnsi li ve Uletal sa lls (piera les) wi I II the mc[al wa ll s of I hc 

sheUs. The fill ing of mines a nd grenades was "Iso 11 hazardo us proccss. 

r~ l ati ve l y high tcmperatures were needed 10 melt the picric acid . 

otthe prope rt ies of picri c acid ;H C prese nted in Table 2.9. 

Tetry/ 

:T..~!ryl .,, (2.1O), also known as 2,4.6-trinitrophenylmctlrylnitrarn ine 

(G, H5N 50,,), was first obtai ned by Mcrtcns in 1877 and its structure 

I' determined by ROlllburgh in 1883. 

(2. 10) 

has been used l[S a ll c .~ p1 osive since 19U6. In the cMly part of this 

cetitury it was frequen tl y IIsed a<; tire ba<;c ch:rr~c of hla<; ting cap" hut is 
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Table 2.10 Proper/iI's oJ rclryl 

CharaCferist ics 

Colour 
Molecular weight 
Melting temper aturcr c 
Decomposi tion tempera turerc 
Thermal ignition te rnperaturer c 
Crys ta l density at 20°C/g cm - l 

Energy o f ro rmill ion/kJ kg - I 
Enthalpy of rormationjkJ kg - ' 

Chapler 2 

Ex plosive mnler /a/ 

Light yellow crys ta lline solid 
287. 1 
129.5 
130 
185 
1.73 
+ 195.5 
+ 117.1 

, .. , " I, ,I, 

now replaced by P ETN or RDX. During /World War 11 , it was used as a 
component of explosive mixtures. 

Te tryl is a pale yell ow, crystalline solid with a melting temperatu re of 
129 "c. It is modera tely sensitive to initiation by fri ction and percussion. 
and is used in the fo rm of ,p:ressed lpeiJets l a~ primers for expl osive 
co mpositio ns which are less s~ns itJ ye .to)l riIUation. It is slightly more 
sensiti ve th an picric acid , and co nsiderably more sensiti ve than T NT. 
Telryl is qu ite tox ic to handle and is now being replaced by RDX a nd 
wax (ca lled Debrix). Some of the properties o f letryl are presented in 
Ta ble 2. 10. 

TNT 

Trinitro toluene (C1 H j N 30,) ca n exist as six different isomers. T he 
isomer thaI is used in the explosives industry is the symmetrica l isomer 
2.4.6-trini trololuene (2.l1 ). For convenience. Ihe 2,4,6-isomer will be 
referred 10 in th is boo k as TNT. 

II . , 

TNT was fi rst prepared in 1863 6y Wilbrand and its isomers dis
covcrt.'tI in 1870 by Beilstein and Kuhlb~rg . Pure TNT (2,4,6- lrinilro;' 
tolu ene isomer) was prepared by Hepp in 1880 and its structu re deter-

ClassijicCll imr oj £."1'/ ••. "1 ( M ,1/, IlUh 

l 'able 2.11 SUIIIIIIII'I" oj rh" t/''I'eiopmrll/ of TN 1 (2"1.1>-11 ("hm/oll/I"I" ") 
IhrougllOul IIII' 19,,, IIIld 20Ih f('lI/llries 

Dolt! 

1837 
1841 
1863 
1870 

1880 
188 2 
181l 
189 1 
1899 
1900 

1902 
1912 
191 3 

19 14- 18 

1903- 40 
19] 9 45 

Pelletier and Walter fi r ~1 Plcp,Hcd toluene 
MOllo ll ilraled toluene was prepared 
Wi lbra rl,1 prepared crude I N I 
lJe llslein ,lilt! Kuh lbcrg dj~cu\crcd the IS(llller 
2,45- trin i I ro lnl uene 
I-I epp prernlrcd pure T NT (2.4.6 ' lrinil llJlt.lucllcl 
T he 2.].4-t rini l rotolucne i ~nmc r prepared. 
Clau.< and Uecker dele rmined ~tr IIct ure ,.f 2.4.6-l r ;uiln'tnluene 
T NT lI as nm nufactured in (lcrrn[IIlY. 
Al ullliniu lIl was addcd 10 I NT for usc n~ e~ p lo~h·e~ . 
Improvcd production of r;l w lI\ a l c r ial.~ ror J Nl therefor c 
reducing ils COS1. 
T Nl replaced picric acid in the Gel"m:u! Alm y 
U5eofTN r began in the IJS Alm y. 
Reduct io n in pr ice of raw IlHlt Crial (n itl ie ncidJ IIY lhe 
eOllll11e rcial i7:a tion of the Il abe r BOSl"11 Jlrnec~~ fvr ;rrn nH ~ II i:r 
~ynlhesi ~. 

Will ,lcterill ined ~ l ruclU I"CS of i~" 111CI ~ 2 . .1.4- al l\ l 
2.4.5-1 ri li itro toJuerle. 
S I:lIld;rul e.' plosh 'e fo r World War I. Prod uctio" limiterl b)' 
al'ai lahi lil y of to luelle fr(llll n.a l 1:1 1 I ,. Icl iclC shortage. r N I 
was lI1 i.' ed II itll a111mOll iUIll l1 il la tc In gil'c li ma lo l ~. and 
alu miniulIll !' produce I lil lJn;l l ~ 
TN r was milled Ililh R IJX to gilc cyl"1r. tols. 
During World Wa r II . all iml' ron'u ]ll oce<s \\:1< dClclorcd for 
producing petroleulTl naphtha< cnsuring unl imited qua n! itics 
of lolucne. Puri fication techniq ues \\Cle impl ol'cd fo r r N r 
Composiles mixtures of TNT I' E I N, T Nl It OX. 
T NT teu y1. T NT :ullllloll iuJIl picrale, ., N r ;r lum illltlm. ( '/f.. 

\\e le prepared. 
T NT was milled wit h H I\·IX tl) gin:: oc l ol~ 
Shipp prepared HNS from T NT 
Continuous prod uc tioll of T N I in lire USA 
Adkins and Norris prep'lred TI\TII r,om TNT. 

by Cla us and Becker in 1 883. The development of T NT I h rough-
19th and 20th ce nturies is sll mlna ri zed in Table 2. 11. 

is alm ost insolu ble in water, spari ngly soluble in alcohol and 
~dissc,II '" in benzene, to luene and acet one. It will dark en in sun light 

unstable in a lka lis anu amines. Some of the prope rt ies or TNT ;Irc 

es~~e~:i:n Ta ble 2. 12. rr a number orad van ta gc.<: which ha ve II1 :HJe it widely used in 
explos ives bero re World W<rr I and up to Ille prcsclI! time. 
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Table 2.12 Pfflperli/!$ of TNT(2,4,6-lrlll/lrOlo/11f!lIe) 

C/lllrClcterisrin £.'tp/OJ/Vl! IIwler/o/ 

Colour 
Molecular weight 
Melting temperaturef C 

Pale yellow crystalline solid 
221.1 

Thermal ignition tcrnperaturefC 
Crystal density al 20 "Cis em - 1 

Energy of formation /kJ kg- I 

Enthalpy of formal ion{kJ kg- I 

80.8 
300 
1.654 
-184.8 
-261.5 

These include low manufacturing costs ~nd cheap raw materials. safety 
of handlillg, a low sensitivi ty to impact and friction, and a fairl y high 
explosive power. TNT also has good chemical and thermal stabilit y. low 
volatility and hygroscopicity, good compatibility with other explosives, 
a low meltil1g roint for casting, and ,moderate toxicity. 

TNT is by far the lIlost important explosive for blastin g ehurgcs. It is 
widely used in commcrcial explosives and is much safer to produce and 
handle than nitroglycerine and picric acid. A lower grade of TNT can be 
lIsed for commercial explosives, whereas the military grade is very pure. 
TNT can be loaded into shells by casting as well as pressing. It can be 
used on its own or by mixing with other coinponents such as am
moni um nitrate to give amatols"aluminiulll powder to give tritonal. 
RDX to give cyelonite and compositjon BI 

One of the major disadvantages oftTNT is the exudation (leaching 
out) of the isomers of dlnitrotoluenes and trinitrotoluenes. Even a 
minute quantity of these s~b'stariCe~ cari"tesult in exudation. This often 
occurs in the storage of projectiles containing TNT, particularly in the 
summer time. The main disadyantage caused by exudation is the forma
tion of cracks and cavities· 'leading to lpremature detonation and a 
reduction in its density. Migtatiolii ,t tlie 'lsomers to the screw thread of 
the fuse will form 'fire chah'n~!!:!..'the~fife· tha~nels can lead to acciden
tal ignition of the charge. If the ~Igi"atlngpt~ducts penetratc the deto n
ating fuse, malfunctioning of the ii"mill\tditlbn components ca n occur. i" 

II .11 (r, li erWIn ' 

I! =+i·f! tl i ~ l ·1 
N itrog{uihidine' 11.1 

Nitroguanidine (2. 12), a lso known as plctite (CH 4 N4 0 2), was first 
pared by JOllsselin in 1877 by dissolving dry' guanidine nitrate in. ~~:~;!~); ; 
nitric acid and passing nitrous oxide through the solution. The Si 

was poured into w;lter and a precipitate was obtained which Jo """linj 

ClassijiclIliQII of E."I:I'/f)sh 'c ;'0-' Illerial.< 

Table 2.t3 PrQf1", 'ic.~ oj lIill"t/fllHlI1idillC 

Colour 
Molecular weight 
Melting temperatlllc{ C 

a.-form 
lJ.form 

Thermal ignition ternpcratllTc( C 
Decomposition lelllpeT:lILI !"e{ l" 
Crystal density at 20 n C/g em - .\ 
Energy of formation/kJ kg I 

Enthalpy of formaliol1/ kJ kg I 

Whitt: tihl e-like crvst;tlline solid 
104.1 . 

232 
2.12 
IS5 
212 
1.7t 
- 773.4 
- R9J.O 
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called 'nitrosoguanidillc·, but which was later determined to he nitro
guanidine by Thiele. 

,N il ) 
NII= (' 

'N II -N OI 
(2.12) 

. .i I . rclati~ely stable below its 1I1C1lillg !>I)int bu t UCC(IIll 

Immedlll tel y on Illcitmg to form 11 mlllonia, water vapour and solid 
. The gases from the decomposition of nitroguanidine arc fa r 

. than gases from other similar cxplosives. Nilrogu :lIlidine is 
tIlI.lOt water and alkalis. and insoluble in ethers and cold water. 

a hIgh ve l ~cilY of ~letol1ation, a low heat and temperature of 
. . . a IlIgh dellsl ly. Some of the properties of Ilitrogu;lnidinc 
gIven In Table 2.13. 

. can be used <15 a seco ndary cxplosivc but i!> also 
use III flashless propellants as it posscsses a low hcat and 

r"""'"'" of explosion. These propellants contain a III Ixture of nitro
nitrocellu lose, . nitrogl ye7rlll c and nilrodiethylcllcglycol 

I a collOIdal gel. Nllroguanidine does nol disso lve in 
becomes embeddcd as a fine dispersion. Thi s type of eol

pro'p,ll,,,,, h~s the adva.ntagc of reducing the erosiOll of the gun 
.compared wllh convent IOnal propellants. 

PETN 
(2.13). also known as pentaerylhrltof tClranitf'lle(C II NUl 

1~I,nm"" ,"I,I,,,.,,' ' ·3 8 .{ 11' <t' f th e least rem:!i I'e llf (he ex pltlsi ve III I ric c5ters. It is 



/ 
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Tabl~ 2.14 I'mll(' rlirs of /'ETN ( pemaerYI/lrilOl !e/fllll/lra!e) 

ChamCler iSfies E.'Cplosit'f! mn/erial 

Colour 
Molecular weighl 

Colourless crys tall ine solid 
31 6.1 

Melting temperaluref e 
Thermal ignition temperaluref e 
Crystal density at 20 °C;gcm- l 

Energy of forrnalion/kJ kg - t 

Enthalpy of fOlll1nlion/k1 kg - I 

141 .3 
202 
1.76 
- 1509 
-1683 

insoluble in water. spari ngl y soluble in alcoh ol. ether and benzene, and 

sol uble in acetone and methyl acetate, It shows no trace of decomposi

tion when stored for a long time at 100°C. It is relatively insensitive to 

friction but is very sensi ti ve to initiation by a primary explosive, 

OIN - O- HIC, .CIII- O- NOI 
.c, 

0IN - O- fII C ClTeO- NOl 

(2,13) 

I I I ;'~J ' I, I ' , ' 

PETN is a powerful secondary\exp!oslvc al~ has a great shattenng 
" \" \ IfI) ',f( 'd . d 

effect , It is used in commercial olas mg caPS;. etonallo n cor s 

boosters. PETN is not used'Hi lts'P.ii/~'t1Jf:h\' because il 'is 100 • 
" I"" ' i' (,H,' I.'" '1 nl' " " ' I " d ' 

fri ction and impact. It is ~p',~r~{C!.~e' Hwa'5fJ}w~e~ w~th p .. astlc",'nl''';'~' 
cellulose, or with synthe~lp ~~~be~~~t~:rot~J)?!Y"J~r ~~n.d.ed,",o~.t'in! !:! 
(PBXs). The most comn:toh t~~ntot'M~h:lS1V~.H?~P,?S l tlO l} 
PETN is ca lled Pentollte'!'1\iil1ieWI1lYi1lllHrJe of. 20.:-50% P~Tl"l, 
TNT. PETN can also be rormed~nI618 'ri1bber-like sheet a nd used 

metal.forming metal ciadai'ilk7anti/J; et:l~'hardening processes. PETN, 
' .fr ,~, "li 1 " 1~ (iI!m1{1 d" . J 

ca n also be incorporated In}!? gtl! f~H~,S, l.~ t ustnal explOSives. l ' 

In mi lita ry applications ~ETN Eas ,been largely replaced by RD~ 

since RDX is more thermal1Y'stabi~' an~ h'as a longer shelf life. Some ~r 
the properties of PETN arc given in Table 2.14. II 

" ,r I ., 

",!," ,l. 

RDX ", . 

RDX (2.14), also known as Hexogen. Cycionite and cy,cl ol,i.m,tl" ,I"oe, 

trinitramine (C1 i-f 6N60 6l. was firstlprepared in 1899 by l'ienning 

medicinal use and used as an explosive in ut20 by Herz. The 

and preparation of RDX were fully developed during World 

Classijicaliml uJ l:. .~/lI"sm' Mara ), 

Table 2.15 ,Jrvpel'l ieJ of U I) X (Cr dotfimrthrlt, IIt' I I"inilrmlli!rr ) 

Chorae/eris/ics 

COlOlll 

Molecular weight 
Melting temperalll/ef e 

T ype A RDX 
Type B RDX 

Decomposition telupcr<l ture!'( ' 

Thermal ignition temperat urer C 
Crystal density at 20 ~C/g em - l 

Energy of form li tioll /kJ kg - I 
Enthalpy orfo rmatio n/kJ kg - I 

(2.14, 

While c rys l"ltinc sol id 
222 I 

202 204 
IlJl I'll 
213 
260 
1.82 
I 41 7 
+J 18 

RDX is a white. crystalline sol id with a melting temperature of 2U4 ~c. 

I b~:';~;~ mi litary importance during Wo rld War 1/ since it is more 

rr and thermall y stable th an PETN and has a lower sensiti ve

RDX is very sensiti ve to initiatio n by impact and friction and 

by' c""inS the crys tals with wax, oil s or grease. It can also 

with mi nera l jelly and simil:.r materials 10 give plast ic 

In sensiti ve ex plosive co mpositions co ntain ing RDX ca ll be 

by embeddi ng the RDX crystal s in a polymeric matri x. Thi s 

is known as a polymer bonded explosive{ PBX) <lnd 

sensiti\'e to accidental initiation . 

has a hi gh chemica l sta bil ity and great explosive power com. 

with TNT and picric acid. It is difli cult to dissolve R DX in o rganic 

but it can be recrysta llized from acetone. It ha s a high melting 

which makes it difficult to use in casting. Howe ver. when it is 

with TNT. which ha s a low melting temperatu re. a pou rable 

can be obtai ned. Some of the properties of R DX are prese nted 

2.15. 
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Table 2.16 Properties of HM X (q'ciolttrOllH!lilylelltltlranif,cmrille ) 

Clwraclerbfin 

Colour 
Motel;:ular weight 
Melting ternperll!uref C 
Decomposition tem peraturerC 
Thermal ignition temperalurer C 
Crystal densi ty at 20 °C/gcm- l 

:t-form 
fJ-rorlll 
( -form 
D-rOrlll 

Energy of rormalionj kJ kg- I 

Enthalpy of forma lion/kJ kg - I 

HMX 

Explosive material 

While crystalline solid 
296.2 
275 
280 
335 

\.87 
1.96 
1.82 
1.78 
+35).8 
+252.8 

C/ltIpler 2 

H MX (1.15), also know n as OClogen and cyc!o tetramethylcnetetra
nitramine (C4 I1 eNeO Il) , is a white, crys talline substance which appears 
in four different crystalline forms differing from one another in Iheir 
density and sensi ti veness to impact. The p-forrn , which is lea st sensiti ve 
to impact. is employed in secondary explosives. 

(2. IS) 

,. 
IIMX is lion-hygroscopic and insoJubJein water. It behaves like RDX 

with respect to ils chemical reactivjtyjand'sol ubility in organic solven ls. 
However, HM X is more resistant tOlanab~6y; sodium hydroxide and is 
more solu ble in 55% nilric acid, and \2-hjttbpr~pane than RDX. ln some 
instances, HM X needs to be ' separattd;f(oin ,RDX and the reactions 
descri bed above are employed for th&'~pa(aJibrt ,' As an explosive, HMX 
is superior to RDX in that its i g lliUoii' te~mperature is higher and it ~. 
chemical stability is greate r; however,l the explosive power of HM X is 
somewhat less than RDX. Some oflhe properties of H MX are presented 
in Table 2. 16. 

C/cmijication (if E·1:I'/flsil'f' M ntl'ri(lh 

Tlble 2.17 Pr/Jpl'rI;('.~ uf T AT8 (I,J.5.";llll'lllfJ.2.4.6' /rillilrol'f'mClle) 

Characteristics 

Colour 
Molecular weight 
Melting temperaturer C 
Decomposition temperature! C 
Thermal ignition tenrpcnrllll c/ C 
Crystal density at 20 C/gcm ' 
Energy of formalion/kJ kg - ( 
Enthalpy of formation/ kJ klot ( 

II 1"A TB 

Yellow·brown crystalli ne solid 
2SR. l 
JSfJ 
J SO ", 
1 9.1 
- 41S.0 

597.9 
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TATB (2.16) is also know n as 1.3.5-1ri 'llnino.2.4,6-tl"lnilrobellzenc 
, (C6 H.s N.s06 ) and lVas firs t ubl<lincu iu IRRR by Jack so n anu \ving:. , 

Nli l 

OIN NUl 

" IN N II I 

'0, 

(1.J6) 

, It is a ~el low-~rolVn colull reu subst" lice wh ich decomposes r"pill] y just 
below tiS rnclilllg tcmperalure. It has excellent thcrmal stability in the 

260-~90 "C and is known as a heat· rcsist'IIH cxplosivc. Some of 
propertIes orT ATO arc given in T able 2, I 7. 
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Tabl ... 2.18 l ' rope rflf'J of 11 NS (huollltrOJlllbr"r) 

CharacteriSlics 

Colour 
Molecular weight 
Melting temperaturer c 
Decomposition lemperaturer C 
Thermal ignition temperaturer e 
Cryslal density at 20 "Cfg cm - 3 

Energy of fonnnlion /kJ kg - I 

Enthalpy of fo rmalion/kJ kg - I 

Exp/osiue /IInter/o/ 

Yellow crystalline solid 
450.1 
318 
318 
325 
1.74 
+195 
+128. 1 

Cirapler 1 

The structure ofTATB contains many unusual features. The unit cell 
o f T ATB consists o f molecules arranged in planar sheets. These sheets 
are held toget her by strong inlra- and 'intermolecular hydrogen bond
ing, resulting in a graph ite-like Jall,tice structure with lubricating and 
clastic properties as shown in Figure 2.2. • 

H NS 
H NS [hexanitrosti lbene (C ... HeN&Ou)] (2.17) is known as a heat
resistant explosive and is also resistant to rl;1dia tion. It is practically 
insensitive to an electric spark and is less sensitive to impact tha n tetryl. 
Some of the properties o f HNS are shown in Table 2.18 . 

O'N-<°t~:~~O>-NO' 
0 1 DIN 

I ~;.. 

(,J7fi." 
H NS is used in heat-resistant bo 'stettxpl~~ives and has been used in 

II .' d! ' ·· . the stage separation in space ro~~et,.an ~~.:. se,lslDlcexpenments o n 
I1\oon. 'r II 177""J~i. t· 

f \ -\ . I ')~ ' f 

OTlIER COMPOUNbS :~S~D' IN EXPLOSIVE 
COMPOSrt/ONS 

... ~ , I' 

There are many o ther ingredients tha~ a~e added to explosive com,,,,,,,· 
tions which in them sel ves are no t explosive but can enhance the DO·W''', 
o f explosives. reduce the sensiti vity. and aid processi ng. Allurr,iniiuni . 

T.ble 2.19 I'rnflt'rlil·.~ (if fIIw,umiullllU/m/,' 

Characteristics 

Colour 
Molecular wcight 
Crystal ranger e 

"%-form tetragonal 
/1-form orthorholnbie 
,-form orthorhutnbic 
D-form orhombohedr,11 or tetragunal 
c-form regular cubic (is\ lIllellicl 

Melting temperature! e 
Deeomrm~iljon telll lJoC ra l llrCr C 
Thermal ignition tcmrer;I\Ulc (' 
Cryslal tlcnsi ly at 20 C/gclIl J 

"lI -rorm tetragun<l l 
" fJ-form ort hulhomb}c 

, i'-form orthorhumblc 
" . '~ D-fonll orhOlllbohedral or tclragorral 
I. Ii-form regulllJ cubic (i<OIllCII iel 
Energy of rormation/kJ kg I 

.Enthalpy of fOlllHlIion/k J kg - , 

F: '(pluM,w !lrn/""/ul 

('oloUI Ic~~ crystalline .~olid 
80.0 

- IRIo 16 
~1()toj2 _ 1 

32.1- 842 
84.2 125.2 
115.2 1(,96 
1f,96 
16<)(, 

169.6 .! 11\ 

1.710 
1725 
1.661 
1.666 
1.594 
~442<1 

- 456 , 
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1 :!~;:,~~:"i S freq uently added 1\1 explosive and propcllaul compositiuns to 
i, their efliciency. AmJlloniUITl nitrate (N 11 4 NO J ) is used ex tell

cx plosives and propella Ill s. I I is the IIl l'S ! impflrt:lnt 
material in Ihe manufacture of co mmc rci:11 ex p losives and it a lso 

provides oxygen in rocket propcllam com positio ns. Some of thc pro per
ties of amm o niulll nitrate arc presented in T:lblc 2. 19. 

Co mmercia l blas ting explosives contain ammoniulll nitT:ltc. wllod 
,oil and TNT. A mi .'{ture o f alllmonium nitrate, w;tler alld o ily fuels 

all emulsion slurry which is also IIsed ill commercial blasting 
ves. Small glass o r pla stic spheres cOJltaining oxygen ca n be 
to emu lsion slurries to inc re;t se its sensiti vity to detonati oll. 

can be added to seco ndary explosives to produce 
bonded explosives (P I3Xs). The polymers are generally used in 

lj~~~:~i::,~,,:Wit h compa tible plasticizers to produce insensitive I>UXs. 
~ a nd plasticizers ca n be in the nitrated fo rm whic h will 

o f the explosive. These n itrated forms are know n as 
00.1" """ and energctic pl asticizers. 

i~i,g'm", ti'c" 1Ire added to ex plosives to aid processing and reduce 
and fr ictio n sensiti vity o f highly sensi ti ve exp lo~i\·es. Ph leg
can be waxes which luhricatc the explosive cry<:;tals:J nd ac t a s ,I 



Chapter 3 

Combustion, DI,!IJ,!\g~ation and 
Detonation 

When a loud. sharp bang is heard similar to a grenade or a bomb 
exploding it is known as detonation. Irlhe noise is not as loud as that 
prod uced by a detonati on and is longer in duration and sounds like a 
hissi ng sound (I.e. the sound of a rocket motor) it is classed os dcflagra 
lion . I n many cases these eITects are preceded and accompanied by fire . If 
a (ire is not accompanied by a thunderi ng' noi se and 'blowing up' of a 
building, il is classed as either burning or,combustion. Some explosive 
materials will burn relatively slowly (a few millimetres or centimetres 

, . ' I I ' • 
per second) if spread 011 the grc,lUnd In a thm hne. The rate of burnmg 
will increase and sometimes de~elops into denagration or detona ti on if 
these expl osi ve materials are confined, 

COMBUSTION 
""f!"""JII 'J 

Combustioll is a chemica l reactionlwhich takes place between a sub
stance and oxygen. T he ch,em i9al reactio n is very fast and highly 
exothermic, and is usually accompanied by a name. The energy gener
ated during combustion will raise the temperature of the unreacted 
material and increase its rate of reaction. An example of this phenom
enon can be seen when a m~tchstick is,ignited , The initial process on 
striking a match is to create enough friction so th at a large amount of 
heat is generated. This heat wi ll locally raise the temperature of the 
match head so that the chemical reaction for combustion is initiated and 
the match head ignites, O n ignition of the match head, heat is generated 
<lnd the rellClants burn in ai r with a Rame, If the heat is reduced by wind 
blowing or by the wood of the matchstick being weI, the name will 
extinguish . 

CombUSlion, Vej/(,yralivlI (wJ V"/lII1(11 , ., 45 

Physical and CIi{,llIica l Aspects of COll1iJustion 

Combustion is a complex process iuvolvin g nUlIlY steps which depend 
on the propertic! or the c(l lllbuU lhle !tll1!, IIIII~'tJN , AI Inw temperAtu re_, 
oxidation of combustible materials ca n occur very slowly, withoutlhc 
presence of a name. When the temperature is raised. as for exam ple by 
the applicatio n of ext ernal heal , the rate of oxid ati on is increasetl. If the 
tempera tu re of the reactants is mised to above their 'iglli ti on tempcra
~~re', the heat generated will be grea ter than the heat lost to the 
su rrounding medium and a name will be obse rved . Thu<;, when II ligh ted 
match is applied to butane glls Ihe temperature of Ih e gas is raised to the 
ignition poi nt and a name appears. 

Com lmslioll of EXll losiH's :llId I' rulll' lI11llt <; 

The comb us lion process (If pn>pcllant and e~I' I \I~ivc ~lIhsl:tt1ces c:trt he 
defined as a self-sustaining. exothcrmic. r: ll' id-ll~id i , ing rcaetillll. Pm

and explosive <; ubstal1cc<; will liberate it la rge III1H)Ul1t (I f gas:1t 
temperatures d uring combuQillll Hud will sel r'~ II ~ t :li u the prnces~ 

j ", ;i~oottlthe presence of oxygen ill the surrounding illl1Wsphere. Pmpd
and explosives con tain both oxidi7cr and fuel in thcir eomposi
and they are bOlh classed :1<; eumhu stihlc matcri:lls. The chemical 

.

~.~~;~~~~~~~::, of propellant s ,wei ex plosives nrc essct1tially thc sa l1lc: 
somc propellanls C:1H be used :IS cxplosives. :tnd some 

can be used as propella nts. In gellcml. prupc ll:lI1ts gcnerate 
:com l>usl;ongases by thedena gration procc~~, whereas explosivcs gencr

by denagralion or detonaliol1. Thc co mhtrSliU Il process 

o: ,~;~f,~;:'~',:: is usually subso nic. whereas the cO ll1bmti oll process fir 
c during de tona tion is supersunic. 

UEFLAGHATIO N 

substance is classed as a dena grat in g ex pl o<;ivc Wl1C l1 a S1I1:111 am ount 
it in an unconfined conditio n suddcnly ignites when subjc<:ted to a 

spark. shock, friction or high IcmjlCraturt;S. Den agra ting cxplo
burn faster and mure violenll y than Ndinary clIl11bustihle uw 
. They burn with a n .. mc (lr sp:lrks. or a h is~ing or crackl ing noise. 

On initiation of denagrating c1I:plosi\'cs. 10c .. l. finit e ' hotspots' :tre 

I~;:~';~~,e~:ilher through Friction bctwC<:11 the solid particul a tes. by the 
:c I oh oitls or bubblt::s in Ihc Itquid Clltll llt' llcni. or by plaSl it 

of the l11atcri:l l. 'I ' hi ~ in tUIIl ]ll"lld llCCS Ilca I :1 IllI \ I,latik ill1ermcdi · 
which then llndcrgl' highl) c~lltIH.:r1Hit· , eacti l'n~ ill the ga~C(lU~ 



phase. Th is whole process creates more than enough energy and heat to 
initia te the decomposit ion and volatilization of newly-exposed su rfaces. 
Concom itantly. def1agra tion is a self-propagating process. 

The rate of def1agra tion will increase with increasi ng degree of con
finement. For example, a larg~ pile, ~f ~xplpsive material wi ll conta in 
particles Ihat are confined. As the material undergoes def1a grat ion the 
gases produced from the decomposid.on of the explosive crys tals be
come trapped in the pile and thus raise the internal pressure. This ill tu rn 
causes Ihe temperatu re to rise resulting in an increase in the rate of 
def1a gratioll. 

The rate a t wh ich the su rface of the composit ion burns, 'linear burn
ing rate', can be calculated using Equation 3. 1, where r is the linear 
burning rate in mill s - I, P is the pressure at the surface of the composi
tion at a given instant, {J is the burning ra te coeffi cient and 0: is the 
burni ng rate index . 

r = {JP' (3.1) 

The burning ra te coe ffi cie nt {J depends upon the units ofr and P, and the 
burning rate index 0: ca n be found experimentally by burning explosive 
substances at diffcrcnt pressures P !lnd measuring the linear burning 
rate r. Values for 0: vary from 0.3 to greater than 1.0. The increase in the 
linear burn ing rate for a propellant wheri it is confined in a gun barrel 
can be calcula ted usi ng Eq uation 3.1. !J /' !! :., 

Fo r example, if the linear rate of burning for a typical propellant at 
atmospheric pressure (9.869 N mm ~l) in an uriconfined state is equal to 
5 mm s- I and the burning rate index is 0.528, then the value of {J equals 
1.49 nun s - I (N mm - 1) 110 .528 as shown in Equation 3.2. , ., , ' 

II" ., " ,,,. 

5 = fJ{9.869)o,su 

• 5 " , . '. 

(9.869)°· 528 = P , ," ' 
. "!' '~. •. 
1.49 ~p '., 

., .f '\ /" 

On burn ing the propellant illside a gun 'ba rrel, the pressures increase 
4000 times and the linear burning rate is' taised'to 398 mm s- I as sIH' w" , 
in Equation 3.3: 1 ' " , ... , . 

,:,:.-... ; '1 

r = 1.49 x (4000' x 9.869)o.H8 
"', . 

r= 398 mm S-I 

If a deflagratin g exptosi ve is ini tia ted in a confincd ~ t ;tlc (com plettly 
enclosed in a casi ng) the gaseous products wilt not be able to escape. The 
pressure will increase with co nsequent rapid increase in thc rate of 

' deflagralion. If the ra te of deflagra lioll reaches a val ue o f 1000- 1800 
m 5- I (1000- 1800 x 10J mm s - I) it becomes cla ssed liS a 'low order' 
detonation. Irlhe rate increases to 5000 III s - I (5000 x 10 1 nun s- I) tll c 
detona tion becomes ' high order', Therefore. a given explo~i\'e may 
beha ve as a de f1 agraling explosi\c whcn unconfined. and as a dctolllll 
ingexplosive when con fined and sui ta bly ini tiated . 

The burning of 1I dcf1 agrating ex plusi \ e is t herdorc a ~u rracc phenom
enon which is similar to olhcr combustible rna tcrial~ . e .~t'Cpt that explo
sive materia ls do 11 01 nced a su ppl y of oxygen to sus tain the hurning. 
The amo unt of explosive materiul burning a1 1he slIrface in II tllli! of lilllc 
depends upon the surface aren of1he bllruillg surface..l, it~ dell~ily II :lIId 
the ra te at which it is ollrning r. The mass III of the e'( pl (,~ i \c C{)II~lIlllcd 
in unit lime can be C:llcu l:lted using FquatipII J.4 : 

1/1 = "/1,1 (.'-ill 

propagatioll of an e.~ pl os i {l J1 rca<:tiPIl throug h n defl agrating 
is therefore based on Iher1Hnl react ioll". The cxplo~j\'e 

surro unding thc ini tia l exploding si te is warmcd ahove its 
. tempera ture cllusing it 10 explode. Explosivcs such as 
exh ibi t this type of expl os ion mechanism. T ra nsftr of ene rgy 
mea ns through n tempcruture differencc is a rel atively slow 

and depends vcry mueh on ex terna l conditi ons such as ambicnt 
. The speed of the explosion process in deflngratirlgexplusivcs is 

.yssubso,,, ;c; that is, it is always less tll;ln the speed nrsoumJ. 

DETONATION 

'~,Iosj,'''"b'''' nc<'' which un initiati on decompose \'ia the passage or a 
ra ther than a thermal mechan ism are ca ll ed detonating 

The velocity or Ihe shockw:lve in solid or liq uid explosives is 
1500 and 9000 III s - I. an Older of magnitude higher than that 

deflagra tion process. The rale lit which the material decomposes 
o""noo by the specd at which the material will transmit the s hock ~ 

by the rate ofheatlransfer. Detonation ca n be achieved eithe r 
,",n""210 det onation or bY;l n in it ial shock. 
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,,) (0) 

I' p 

Figllre 3.1 8 ufnillg r lUl' (IUd pr essure ( urues /or defOn(l/illg t.'<p/o5 ives, wirerI' (0) 
:x illcrea.~es to abfl~ unify. and (b) :l '! ICreases!urlher ' II /Iig /rer 
preHure.~ 

Durning to Detonation 

Burning to deto nation can lake Jlac~ U,heil an explosive substance is 
confined ill a tu be and ignited at one end. The gas generated from the 
chemical decompositi on of the explosive mixture becomes trapped, 
resulting in an increase in pressu~e at:the. burning su rface; this in lurn 
raises the linear burning rate.)n de1QnaVng ~xpl osives the linear burn
ing rate is rui sed so high bY . Pf~s.su re pulses generated at th e burning 
surface that it exceeds the velocity. ofrsp,und, re!ulting ill a detonation. 
The rise in the linear burning .rat.e lr'I ~! lh increasing pressure P fo r 
detonating ex pl osives is shown in figure .3.J . The values for rand Pare 

• I' .' ~ ., ! 

deri ved from Equation 3. 1 : , ~,,;. :'~l)"H" ,I , . d'.'" 

The val ue fo r the bu rninH.~ I~, ~I!RI?{S~J~},ess than unily fo r denagrat
ing explosives. This value !rsrea.~;W?;~~e J~Jnity for detonating ex
plosives [ sec Figure 3.1(a)) an~~m4'y'JP'c!~aF~f.urther at higher pressures 
as shown in Figure 3.I(b). An explosive w1uch detonates in this way I 
show an appreciable delay belwe~~' the initiation of burning and 
onsct of detonation as shown j(ll lj'jgu!e;312~ 

This dcla y will vary accord,ing to th,e halure?f 'th, "pi,,,;,,, "O,"p'''i' ~ 
lion, its particle size. density aha It(;~i::IiHl;nsl 'ot confinement. This 
ciple of burning to detonati~ ri ' l~ ~li1iz(!{i'in delay fuses and hO .... t'", 
detonato rs. {)11 1, ')£11 ' 

'I': ,'. 
t (!', 

Shock to Detonalion I . 
" Ex plosive substances can also be detonated if they are subjected to 

hi gh velocity ~hockwa ve; this method is often used fo r the initiation 
~cco ndary cxpl os ives. Detonati on of a primary explosive will produce 

Cambl/Slioll, Def/a(I,."/;t,,, Will V{'lmw/j"lt 

Rate of rcat tion or 
intrcasc in pre~surc 

Initiatiotl by 
spark, OanJ{: 

I 

Transition hom dcfbgt31ion 
to deCOllation 

DETONA'IION 

I 

• . OI: H ,l\GRflTrON 

o r heat 

-.~===~ Time 
o 

Tunc detay 10 dCIOtl~I"'" 
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hockw,,,, which will in ili ll ic 01 seco uda ry cxpl l1sivc if IIICY :ll e ill dose 
The shockwa ve fo rccs the pall ides to cOlll press, and this gi\es 

10 adiaba tic hC:l!ing which raisc~ thc tcmpera ture to above thc 
J tempe rature of thc ex pl osive ma terial. Thc cx pl osive 

undergo an exothermic chcmica l decomposition wh k h :lccelc r
shockw:t vc. If the veloci ty of th e shockwavc in Ihc ex plosive 

po"H;o,n. ~xc.eeds the velocity of so und , dctonali on will takc place, 
111I1IatlOl) to de tona tion does not t:lke place insta ntanco usly 

is negligible, being in microseco nds, 

Propagation of the Oetollllliu/l Shuck " ':! \"c 

of de tom~t jo n is a very com plicatcd process co ntain ing ma ny 

"~;::,:~,": cq ua tlons and fa r too complicatcd to be discussed here. 
~I gi ven below is a very sill1plified qua lit a tive ver~ jon to give 

understa ndi ng of th e de to lla li on process, 
:uppose that a Wl1 \'C si mib r to a sou nd W;t VC is prmluced in a column 

a gas by Illo \'iug a piston inwards ;ml! ou twa rds as shown in 
3.3 . 

sound wave l'\l Jl l:l i n ~ rcg i o n ~ of 1 ;1rdac t jo ll ~ :l lId cn1l1IJrC~~I(l I1 ~ . 
" (l[ thc .uwt c.ri:,J il,c lc:lses ill t he cll lll prcssiP II I cgio n~ 
then cools d uc I (I :llh:limtu: {'x P" 1I ~I('n II I ill' ('~ I' J t !~i ve l'I1I1 11'1 '~i ril'u 
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Gas under compression 
and expansion 

Piston moving backwtrds 
and forwards 
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"-igure 3.3 Comprfjl iOIl and uparu/oll of a gas 10 produce a lOUl,d Walle 
I ' . ' \ 

the compressio n part of the ,wave ris •. i;ufficientJy high to cause the 
temperature to rise above the detomposlti,on temperature of the explo- ' 
sive crysta ls. As the explosiy~ erystals~d~dmpose just behind the wave 
front, a large amount of heat, and g,il.v.s_ gcnc;.r~ ted . This in turn raises 
internal pressure which contributes;l'ilt~lhigh pressures at the fron t 
the wave. These high pressures at Ihe .wavc.tront must be~m";nla;n"H(" 
the wave front to move 

, . ,.- .... "."', 

In order for the wave t3i'''a~d (not laterally) 

over a conSiderable~:,;;~:;fj~~~l~!~~f~~~~:J:~l:;~S~h~O~U;;'dr;~'~;I~h:i'~':~ confined inside a lube or have 
the explosive substance is 100 of the wave 
occur, reduci ng ils velocity and . causing the detonation 
to fade since the energy loss 'sideways' is !oolgreat for detonation to 

supported . Consequently, the diameter. o.r the explosivc:,",~:~~a,~~:,::~ 
be greater that a certa in critical value, characteristic of the 
substance. 

Detonation along a cylindrical pellet of a secondary explosive can 
re2arded as a sclf- proDa~atin~ process in which the axia l i 

CombUlfioll, DIj/r'(lrilfiOll o"d O,"lIIl1/lir,,, 

i 
Wave fronl ,~~ 
progressing ri 
forwards 

(0) 

Figure 3.4 Sc"elll(/(ic tU"!lrf/l/l uflhe IIlOt'em/'1lI III" "'/II'e [rfl/II Ihr"I/Il" lilt' 
explo.~il 'e c.rllllm~ilimlfrfll rr ((I ) Irr (h) If) It") 

" 

the shockwllve changes Ih e SI:IIC of the ex plosive so thai e;(tlIl,cnnic 
r,:~~,;~:~:o,: :ake place. Figure 3.4 shows a ~l: hclllalic diagrr111l f(lr the 
~ f . ora wave fr(I/1l through II (;)Ii ll tliit:al cxplosivc Jlellet. 

shockwave travcl~ thlOugh the cx plt1shc (;olllposi tiull :H:cclernl . 
the lime with increasi ng amplitude lIlltil il reaches a steady sla le. 

r~;~~~~;:,;::~;, for a slelld y state are when the energy released frOIll the 
~J reactions eq u" ls (il the energy los t !(l the su rroundi ng lIIediulI1 

and (ii) the energy used to compres!i and dispf:lce the explosive 
At the steady slate condi tion the velucity of a detollating wave 

supersonic. 

suitable initialio n of a homogeneous liquid expl osive, such as 
1 Ih e press ure, tcmpcrature, and density will all 

to form a detonati on wave front. This will take place wi thin a 
,ilYl"", of ttle order of magnitude of 10 12 s. Exothermic chemical 
I, for the decompositio n of liquid nitroglycerinc will take place 

' shockwave front. The shockwave will have an approximate 
of 0.2 nUll. Towards the end of the shockwave front the 

will be abo ut 220 kbar, the temperature wi ll be above 3000 "C 
densi ty of liquid nitroglycerine will he 30% higher than its 

I value. 

Effe-ct of Dl'lIs itJ 011 the- Vl'loci tJ of IJl'lOnation 

h7terogencous. con lllll' lcial-lype ex plt)s ,\ c~ the \<clocity of dct on~ 
IIlcreases and th clI dccrc;I ~e<; a~ the- C('IIlIl:ldrrlll rlr'lt~ih "f 11, .. 
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I:igure 3.5 Ol(mge ill velocity a/defolltl/ion III a/U/ relioll of dells/ly {or II 
.~(,Clmd(lry explosive, i.c. T N T ,: 

expl osive composition increases. The compaction of heterogeneous ex
pl osives ma kes the tra nsitioll from denagratio n to deto na ti on vcry 
difficult . ' . 

For homogeneo us, military-type explosives the vel oci ty of deto nati on 
will increase as the compacti on density of the explosive composi tion 
increases as shown in Figure 3.5 and Table 3.1. 

In order to achieve the maximum velocity of detona tion for a homo
geneous explosive, it is necessary to consolidate the ex plosive composi
tion to its maximum density. For a crystalline explosive the density of 
compacti on will depend upon the consolidation techniq ue (i.e. pressing, 
casting. ex trusio n, etc. ). 'The limiting density will be the densit y of 
the explosive crys tal. The velocity of detonation can be ca lculated from 
the density of the ex pl osive composition using Equati on 3.5, 

.".'. '·II.i·,II, .• 

(3.5) 

where Vpl a nd V~ l are the v~Jocii;~s '~rd~tona tion fo r densities PI and 
Pl' respectively. The approximate velocity of deto natio n can be cal
cula ted usi ng Equati on 3.6, 

(3.6) 

where II" .• is [he veloci ty of detonatio n for a gi \'en density of com pac lion 
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Table 3.1 nil' effe("/ Hfd(,"~ily rill IIJi' "dodl r oj '/I'IOII"lirlll }ilr I/IF primm·.I ' 
e .~pll1sir'l'. lIIercllr.rfirlmilllrle lIlIIl .wn ",,1,,,..1" (' ~pltl.~il 't" nilr"!I/tllf"dilt.· 

ExplositJe 

Mercu ry rulmina te 

Nit rogu:lnidinc 

DI,ftJilyjgcm- J 

125 
16" 
3.07 
J .30 
3.96 
O.BO 
0.1)5 
105 
1.10 
1.20 

lJeloml/;OIl I'e/O('; I 1"/ 111 ~ 

230() 
1760 
3925 
4480 
47411 
4695 
552() 
6 150 
644U 
6775 

A compflrhtll l flj l'elod lit's of de lOl/OIimlIllr ~,ml(' l1'"imorl" WId 
st clJm/I".Y t'''"I'/''~i''I'J 

Primary f' .~plfl.~ir .. '.t 
, Lead styph llnlc 

Lead azid e 
Mercury rulmirwtc 

SecoltdllrY e1;plf/.~ II't!.~ 
,.. IIM X 

'IJ RDX 
PETN 
Picric acid 

'>' Nitroguanidille 
TB 

I 
I I 

V(,II$ II r ig em - 3 

2.' 
J8 
.U 

1. 89 
1.70 
1.60 
1.60 
1.55 
1.88 
l.60 
1.1 5 
1.55 
l.70 
1.55 

V I'IOIW lim! !'l'Iudl rim s - I 

5200 
4 500 
41~11 

I) r III 
B44\) 
7920 
7900 
765U 
77W 
7750 
7300 
7\l~\l 
7000 
1lB50 

'1 is the number of moles per gram of gaseou~ product" prod uccd 
the detOIl" tio l1 and Td is Ihe appro xima Ie tcmpcrat tire in K elvin at 
the detonat io n ucc urs. 

compa rison of the \elocities of deto na tiun for some plill1:ny ami 
is presented ill Table 3.2. 

I 3.2 it ca n be "cen that thc IcI('cit )' of dc tona tion ror 
ry ex plosives is gc nera ll y hig hc r Ihall thai Inr pliJllary cx pl\). 
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FiGure 3.6 1'ff1prlfllllimr (If a delOl1(l/lolllllaue IIIlIstratlng /he Cllrued lI'(lve[rOIll 

Effect of DiulIlcCer of the Explosh'c Composition on Ihe 
Velocity of Delonation 

Fo r a cylintlrica l pellct of an explosive composi tion the velocity of 
detona tio n will increase as the diameter of the explosive composition 
increases up 10 a limiting value. The detonation wave front fo r a 
cylindrica l pellet a t steady slate conditions is not nat but convex as 
shown in Figure 3.6, where D is the ax ial detona ti on veloci ty and Dt is 
the deto na tion velocity close to the su rface orlhe composi tion. 

From Figure 3.6 it can be seen that the veloci ty or detona tio n gradual
ly dimi nishes frOIl1 the cen tre of the pel let to ils s urface. For large pellets 
the surface effects do no t affect the velocity of detonation to the same 
degree as for sma ll diame ter pellets. There will be a fini te value fo r 
d iameter of the pellet when the surface effects a re so great that the 
fro nt will no longer be stable - this is called the cri tical diameter. 
phenomen on exis ts for homogeneous milita ry-type explosives only. 
heterogeneous commercial explosives the velocity of detonatio n i 
creases wi lh diam eter. T he reason fo r the difference in beha viour 
homoge ncous and helerogeneolls ex pl osive com posi tions is due to 
mechan ism of detonat ion. Homogeneo os explosives rely 0 11 

molccular reactions for the propagation of the Shock\\"~~";"~e:,,, ,:i~:,~~ 
delonatioll in heterogeneous explosives depends UpOIl i[ 

Combustion, D('j1(/yrm;fln find D('/rm(UuII/ 

::~~::~',::o'~mpOS;lion 

Parliclesjlowing 
mm)' from Iht 
WVIl! lro"t with a 
l'tfociry 01 U Propagaling 

""ave front 

Effecl of F:);IJlosiH" I\larl' rial 011 rll t, Ve locity uf IJetuullliulI 

det~nati~1l pro(;ess ca n thererore be regarded as a wale whk'h i~ 
~ a S Jock-Front .. wh ich ad.vaHl:c.~ wi th C(l ns tl1 111 vclocity f) illt(: 

I 
~xpl.~s l vc. and IS followed hy a 7tl11e of chcmical 

as S JOwn III hg urc 3.7. 

z thedelona liOlJ wave to proceed ffllward its vcloeil}' in the I'C:IC

n on~ must eq~;1 11 he Stl l~l of Illc vdoeit y of ~llunJ :t nd I he \ clodt y (lr 
owmg explosive matcnal as shown in Equ<llion :l.7. 

/)=u+ c (.1.7) 

is Ihcsl~adystale v~locityorthc wavefront. U is the \'elueit o r 

of l~artlcJ~s ~~d C IS. the ~eJuci ty of a suund Wllve. Whcn ~he 
w' e exp oSl\e. parllde.s IS very 10 ..... i.f'. U j~ low, the shock-

dl be weak and It,s. veloclty will approach that or the speed or 
. Under Ihese.condlllOlls a detonation \\'illnol lake placc 11 0\\1-

Ih~ velocl ly of the explosive parlicles is high. i.e. U is high the 

I 
will travel faster than the speed OfSOl llld ,1IId a dctnn:l;ioll 

pace, 

applying the runda menlil l physical 11ro l)cl'lic- r . . 
en d -' n eO llsen'ill lOIi of 

I ergyan mOlllentulll ,across the shockwave, togcther \\Iilh the 
of s la te for (he ex pl ns [ \'e eOlll po<;i lioll (which des('[ jbes I he 

pressure tempcr' lI urc \ I I 11:1)' 
be 

" 

'. llU lllcalil Ctllll]lositinllallcCltll lC<l llll thc[j;1 
s 10wn thm the "clod I)' fl" ' . ' . 0 l elOIl:lll(ln IS delermined In' Ihe 

" .... , COIiSI [IUllIIg r he e~ plll~i Ie and I h(' lila tl'1 jar .. I cI()t"il y. • 
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Table 3.3 II CIJIIlf/(ifiSOIl of effeCI5/or lIon-e:cplosive camb'lsfible lII(1/er;(I/5, 
tlefl"gra1in9 alld Ifelollol lllg explosive materials 

N OI1 -e.l:p/(lsitJl.' Dejfagrar/lIg exp/osille Dl.'follarillg explosive 
coItlIHl.~'ible subS/lmces .substallces 
.~ubSlmrCl;>s 

Initiated by name. Initialed by name, ' Most explosives are 
spark. high temps spa rks, friction. shock, capable of detonation if 

high temps sui lably initialed 
2 Canno l be initialed Cannot be initialed in Can be detonated in the 

in the weI slate the wei stale ", wet stale 
J Needs clIterna! Oxygen presen t in Oxygen present in 

suppl y of oxygen formulation formulation 
4 [J urn~ with II flal11e Produces long, dull noise Loud, sharp hang. 

without any noise accompanied by hissing sometimes accompanied 
sou nd and fire by fire 

5 lJurlls with little Generation of gases used Generation of 
gellcnttiUIl of gascs as propulsive Forces in shockwavc and used as a 

propellants ·destructive Forcc 
6 Rate of burning Rate of burning is Rate of burning is 

slower than subsonic supersonic 
denagnttiun 

7 Propagation bascd Propaga tion based on Propagation based on 
on therrn:tI therma l reactions shockwa\'c 
reactions 

8 Raleof bu lni ng Rate of burning VelodlY of detonation 
incrcases with Increases wilh increasing nOI affected by 
increasing ambient ambient pressure increasing ambient 
pressure pressure 

9 Nol alTcrtcd by Not affected by strength Velocity of del on at ion 
strength of orcontainer affected by s trengt h of 
cont:l;ner container 

10 Not dcpendent on Not dependent on the Velodty of detonation 
the size of the size of the composition dependcnt on diameter 
material of explosive charge. i,e. 

crit ical diameter 

" Nevcr converts 10 Ca n convert 10 . Does not usually revert 
dcnagration or detonation if conditions to deflagration. if 
dctomltion are favourable propagation of 

'. "'" ~ , detona tion wave fails 
explosive composition 
rcmains chemically ,., unchanged 

CombrlStlOlI, D('}11191'1111,,,, rl ml 0 "" "''' ' ;011 

CLASSI FICATION or EX "LOS I V ES 

~x~losi\'es canthercfo re be classified by the ea se with wllje ll !ltey can be 
r~mted and subsequently expl oded. Primary explosives are rC:ldily ig 
lilted or de,folla ted by a st11allltlcclHln icnl or clecl ";cal s timulus, Second
ary explosn'es arc nOI so easily initiated : they require :1 high velot:it y 
S~lOck wave genernlly produced f~O ~l~ I he detona titl1l t)f a prima ry expl u. 
Slve, Propellan ls are gCllcra ll y Illltmf ed oy a n:lIlle. :rnd thc}' tlo IItIl 
detonate, only deflagrate 

A eon~pariso n of effec ts f(l r Il on·ex pl tl<: i\e l'olllhuc; tible ,"a terials, 
denagratmg amJ delo nating explosive ma l crial ~ )<; rrc,;cllt cd in Tahle 
3.3. 



Chapter 4 

Ignition, Initiation and Thermal 
Decomposition 

In most si tua tions nn event by a chemical explosive can be di vided ,iT,lIO 
fout stnges: thc~c are ignition, the growth of deJlag~atioll. the tral,l Sltl On 

frorn dcflll grn lion \0 det onntion, and the propagation of ~etol\a I~OTl . I II 
some circumstan ces ign ition ca n lead straight to detonatIOn. TIllS, only 
occurs when the initial stimulus is able to generate a large qua nt1t y of 
energy ill the explosive com position. Hea,! is then pr?duced by ~diabati.c 
compressio n in the shockwave front which results In detonallon. I g~T' 
lion to detonat ion o nly takes place in speciall y.formulated explOSIve 
compositi ons a nd requ ires specia l conditions and very high pressures. 

IGNITION 

Ignition occurs when part of a combustible m aterial ~uc~ ,a s an explo· 
sive is heated to o r above its ignition temperature, The Igmtlon 
ture is the minimum temperature required fo r the ' 

be self·sustaining, 
Explosive materials a re ignited by the ac ti~n of an e~ter~a l s:,';:;;:~~:: 

which effectively inputs energy intq Jlle,exploslve and ~alses Its te. , 
ture, The ex terna l stimulus can be fnctlon, perCUSSIOn, electrical I 
pulse, heat, i / e. O nce stimulated the rise in temperature of the 
causes a sequence of pre-igniti on reactions to commence. These 
transit ions in the crystalline structure, liquid phases changing , 
gaseous phases, and thermal decom position of ~n~ or more ~f 
ingredients, These reactions then lead to a self-s~Slalmng combustIOn 
the material, i,e. ignitio n. As the temperature mes, the rate o f ,the 
produced increases ex.ponentiall y whereas the rate o f bea t lost IS 
Ignition occu rs a t Ihe tempera ture where the rate of heat generated , 

" 

Ignilion, lui/in/ i"" II"d n"'rm"llknlllllll)~;'/II" 59 

Heat gener~ted or losl 

l ical generation 

IIeat I(lss 

T". 
Tempcr~turc 

Figure 4.1 Simplt' mm/I'I /0 .~'"'''' ;1I";li,1I/ iUI'\I'/" ~i,n 

. greater tlHlll the rale o f heal lost. Figure 4. r pre~clll~ it ~itll ple Ill\ldcl ill 
defining the igniti on tempera ture of all e ,~p l osi\le materia l J'IW 
11 Til" is th e tempera ture lit which the hea t gencratcd ill th e cOll1po~i tinn 
"I'''"'''' than the lIen tl ost to the 5UrrtlUltd i I lg~. tlr 1II11rc :I I-XIII u tely, " i~n 
should eq ual 'ignition temperature - illi ti al temperat ure', 
<> As di scussed above, ignition gene rall.y Icstdts in denagrat iott uf the 

':I~~~~;;:~; ;n; :l;aterial. but if the material is con fined or is in la rge qU3nt il ie5 
d ca n develop ;nto detonatio n. It is gellera lly accepted thai 
Ih, ;n;I; ' I;;onofexplosi\,es is a thermal procCS5 Meehanictl l or electrical 

from the stimul us is cOll verted into heat hya vllriely ofmcclta n
hea l i5 concentrated in snlllil regions fo nnillg hotspots. 

Ilotspots 

of hots pots depends upo n Ihe ene rgy input and the 
I properties of the ex pl osive composit ion , The diame ler of the 

is in the regi on of 0.1 - 1011111 a nd their duration is about 
s wi th temperatures greater than 900 "C. There have been 

theories put fo rwa rd to describe the mcciWl1isms for th e forma-
?fholSJ>oI"sOTllc o f which arc described below. 

M echanisms for Ihe Formation of 1i0iSIIOIS 

from the stimu lus is c(ll1\'crteu int u heal hy adi:lbatic COlli
sm,lll , entr:t pped bub blcs (lfg:l~ . Tile he,lt gC llcratcd fl1lJll~ 
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hotspots. For an ideal gas, the temperature inside the gas bubbles Tl 

depends on lhe compression ratio as shown in Equation 4.1 , 

(4.1) 

where 1', is the initial temperature or the bubble, P I and P 1 are the 

in it ial and final pressures inside the bubble, respectively, and y is the 

rat io of the speci fi c hea ts. From Equation 4.1 it can therefore be seen 

tha i when the initial pressure PI of the gas is raised, the tempera ture 

illside the bubble 1'2 is reduced. The millimum temperature rise in the 

gas bubble must be about 450 cC for ignition to oecur. This effect can be 

observed in the performance of liquid nitroglycerine when subjected to 

impaci al d ifferen l pressures. When liquid nitroglyce rine is subjected 10 

un impact energy of 5000 g cm- I at a n initial pressure of I aIm an 

cxpl osion is ubserved; however, if the initial ~ressure is then raised to 

20- 30 atm 110 explosive event takes place. 

Under certai n conditions these microscopic bubbles can result in an 

eXlremely sensiti ve explosive which can be ignited by the gentlest of 

blows. If precautio ns are taken to elimi nate all the bubbles the explosive 

becomes compara tively insensitive, and very high impact energies must 

be used. Under these conditi ons the ignition is due to the visco us heating 

of the rapidly- nowing explosive as it escapes from between the impact

ing surfaces . 
Ano ther so urce of hotspots is the presence of grit particles, such as 

crystals. When the particles are small and sharp onl y a small amount 

frictio nal or im pact energy is needed to produce a hotspot. This 

because localized energy is generated at the st ress points; sort D"t;"I,,· 

are unable to generate enough energy to produce hotspots since 

will be crushed o r squa shed. So~e explosive compositions which 

!ain a polymer as a binder can also be quite sensitive to impact; this I 

due to the polymer faili ng catastrophically and releasing sufficicnt 

ergy to form hotspots. 

Ignitio n, therefore, begins at a hotspot but does not always lead 

detonatio n. If the ene rgy lost to the surroundings is greater than 

energy ge nerated by the hotspots the small micro-explosions die 

without further propagation. If a particle of an explosive is smaller 

a certain minimum size(which may ¥ called 'critica l'), th::~I';~~:f:' ~;d~ 

heat will be greater than its evolution and no explosion will 

19niliOll, 111;lil,lilll' 1111.1 71'('/''''1// f)" ('omJ!P~i'i,," 

Table 4.1 T(,"'IN';Cl/liresfi~" ~/I(! initimioll 111.<111111' "rill/an' WId Sl'('fllll/an' 

explosweJ hy /rlC/1il1I (t'itl IIII/sl'a/.<) mill liJermal lIIe('/1I111iwr< ' 

,Explosiue subs/lmC/> 

PrlmaryexploMr'es 
Tclratenc 
Mercury flllminOllc 
Lead styphnatc 
Lead azide 

Seeol/dor}' e:cpIQsh'l'~ 

'r' Nilrogylcerinc 
PETN 

T(''''~rlllllrl' of iouitfo ll 

I·il/ Im/ .~f'{11 </ "C 

..... 4JO 
~ 550 

4 )1J SIX) 

<1 30 500 

450- 480 
4<XJ-4JO 

rt'IrI/!f!rfllllre (If therm(ll 

iUllifim lr e 

1 <Ill 
J71J 
167 
127 l(,() 

211() 

101 

IG N ITI O N ny IMI' ACT ANIJ FRICTIO N 

Friction 

an e:<p/osivc is su bjccted to fri ct io n. hotspols :lI e formed . Th e~e 

~~;,';~:,;'::r~ gcnCTli ted b~ I he fU bbi ng togelher of c .~plosive crys tals I h;11 

of ~n the c:< !)loslve composi tion. Il otspo ts rea dily (o ri n o n Ihe 

w" th,m"t'l
e exp losl.v~ cr~s lars since Ih ey arc norHllct;ltlie alrd ha ve n 

,,' conducl lvlt y. rhe lempera lu re of Ihe ho tspo ts IJ1U ~ 1 rench 

ures greater tha n 4?O °C ro r igllitioll or Ihe explosive lIIillcrial 

. However: Ihe 1ll1l Xlllllllll tem[X"ralllrc orthe hol!>pols is deter

the lIleltl/1~ ~elllpcrature of the crys tals. Therefore. cxplosive 

Ppot'h;tk",,, c~nlar ~lIllg cryst~ls which ha ve melting tcmpcr:ltu rcs 

an 430 C W ill not achl cve ignition through the formation of 

wher~a s th ose. composi tions wit h crystals of high melting 

!~~t~~:' ; :;'I;IJI rorm I Il~hcr temper:llure ho tspots capahle uf ign iting 

" I ' r otspo ts wllic lt a r~gcnera led by rriction arc trallsiellt and 

as ! or a very Shorl tlllle i e 10- ' to 10 ' C' I 
. ". . . . s. onscquent y. 

I for Igllliton Vi a ho tspo ts is higher th;lI[ COI lvelH ionaJ ther

temperalu rcs fO.r e~ I~los i vc subst,\m;cs. Table 4. 1 presents 

! ,the .Iempera t u~es of IgmtlOlI by {rictioll "ill hotspo ts a nd tlter

mec lamsms for prtmary and secondary cx plo~ives. 

Impa ct 

explosives Me subjected to high impa ct. cOlllprcssi(1 1l and 

"Plo,,,.;,,trapped gases. takes "klce and eXlJ thennic decomposi tion 

'¥ va pour begrn ~. T he rapid rise inlemperatllrc rcsll lt ~ in 

'" 
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{urther evapora tion of the liquid explosive from the walls of the bubble. 

crea ting hotspots. These hotspots become sufficiently violent leadi ng to 

the igni ti on of the liquid expl osive. An increase ill the quantity of gas 

bubbles will th erefore result in an increase ill the impact sensitivity of 

liquid and gelat in ous explosive compositions. 

When solid explosi \·cs are subjected to high impact, hotspots are 

[orllled from the compression and heating of the tra pped gases, and 

fr om fri ction between the crystal particles. Ignition for the majority of 

primary ex pl osives is via hotspots genera ted by intercrystalli nc fric tion, 

whereas ignition in secondary explosives is from hotspots generated 

through the compression of sma ll gas spaces between the crysta ls, The 

difference between the forma lion of hotspots in primary and secondary 

explosives is rela ted to the melting temperature of th e crys ta ls, Primary 

explosives will ignite below' the melting ,temperature of the crys tals 

whereas seconda ry explosives will ign ite a bove the melting temperature. 

When a seco ndary explosive is subjected td high impact, the material 

will now (called ' pl astic now') like a , li~ujd ent rapping slllall gas bubbles, 

Hotspots will be ge nerated by the co mpression and heating of the 

trapped gases similar to the process described for the formati on of 

hotspot s in liquid ex plosives, except that the impact energies needed fot 

ignition will be far higher. Hotspots which are generated by impact a re 

transient a nd will on ly last for a very short time in the order of 10 - 6 s, 

Consequently, hotspot temperatures for ignition a re higher tha n con~ 

vent ional therm al ignition temperatures for explosive substances. A 

CLASSIFl~AIT~PN ~,5{~~PLOSIVES 

Classification of substances by their, sen~itivity to impact 81l~~~1~~~ 
particularly important for the handling ,of explosives, Some 

8re kno wn to detonate on impact,' whereas others will only 

Table 4.2 presents information on.thcJ;ensitivity of explosive 

to impact and friction. The values sho,,;n 'describe the force <cqluU~( 

initiate the explosive compositionS(!1W.2p, ~,1i /I 

The va lues given here clearly.show-that primary 

more sensiti ve to fric tion than:seCohdar...expl osives, 
, (" v 

explosives are more hazardou~ to han1:lle: and care must be 

Another method of classifyi ng high explosives is using the' 

Insensitiveness' to impact and the~'figure of Friction', These 

obta ined by subjecti ng powdered explosives either to impact 

Roller Impact Machine, or by fri ction using a Rotary Friction 

mach ine. 
In the Roller impact test, the ex plosive samples are su1bjected 

Subs/aIlCf' 

Primary I'xpfosh'I'" 
Tetrazene 
Mercury rulminate 
lead slyphmlle 
lead azide 

Secol1dary I'xplosir'"" 
PETN 
HM X-{J 
ROX 
HNS 

, ; 

i-rlt'tilm IClIsi/il'itr/ N 

, 
J , 

" o I I 

'" 110 
fl O 
240 
>353 
>J53 

>353 
> J5J 
> 353 
>353 
>353 
>35.1 

11I//l(lc/ <ell.,;/i";t\', NIII 

I 2 
I 2 
l .. ~ ~ 

1.5 .j 

J 
74 
75 , 
liZ 
.1 

J 
7.<1 

" > 49 
50 ., 

or by a :Ieavy ,wcj~ht : i,e. 5 kg, frllJll d iflercllt height s. The l>cn:cll

S8~lP es willch Ign ite at ~ given height is uoted. The results arc 

u
h

S.J1
h
lg t.he Bruce ton Stai rcase techn ique and the median drop 

w IC glves50~ p b bT f ' .. ' • 
d t . d 0 .ro a J lIy 0 FgnFt lon for the ma tcrials under 

E 
e er~lllne , The Figure of Insensiti ve ness (F of I) is calcul"I- -' 

quatloll 4,2. ' .. t __ U 

J = Median drop height of s;rrnple 

Median drop height of standard x (Fof l of slam Jar d) 

(4.2) 

or, nsensi,li.veness for the standa rd explosive sample' R OX is 

or 'nSel/ SHl ve.ness values for some prillwry arid second 'lr, 

are presen ted 111 Table 4.3. ' 

i of Friction ~an be calculaled in :1 similar way using the 

, tedlnrquc, where the hgure or Fricl io" f II 
explOSive 'ROX" 30 ' ." . . or Ie 

"","<j,,_, . IS .. rlgu re nr FncIHlIl (F of F) \ :-dlle~ for 
v. explosJ\'e~ lire pre~C lltcd ill T;l hlc 4.4 . 

6.1 
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Table 4.3 Figure of IIISl' lIslf it'tlltlS ( F of 1 Jlor some primary mId sf!CQIrI/ary 

Mgll e.'qI/oJiUt's calculClltdfrolll Ihe resulU of tile ROller Impact 

Machine (5 kg /ailillg we/gill 011 /0 30 mg samples) 

E.xp/mlue suh.flall'(' 

Primar), f'Xfllo~ilJ('s 

Mercury fulminate 

Telralene 
Lead styphn:lIc 

Lead a zide 

Seem/riory f'.'{p/QJil't·.f 

NitroccJ1ulosc(dry 13.4 % N) 

Nitroglycerine 
PETN 
' -IMX-j1 
RDX 
Gunpowder 
Tetryl 
TATD 
Pkric add 
TNT 
Nilrogu:lnid inc 

· 2 kg .... ·eight f31ling on /0 30 mg sample 

Figure of 
InSCllsitlve/less 

10 
IJ 
Il ' 
20 ' 

21 
30 
51 
56 
80 
'0 
8. 

> 100 
110 
"2 

>200 

Ta ble 4.4 Figure of FrlcliOIl ( F 0/ F ) for some secondary ex plosives Clitcuillted 

fro". lire resulls of Ihl' Rotary Friction Ma chine 

PETN 
IIM X-P 
ROX 
T etryl 

TNT 

Figureo! Friclioll 

J.3 
J.S 

'tr~;"~ ,!/ !}~I ~ t 

'l'i'H)4k t S,S !:j.,r. 

As with the Figure of Insensitiveness tO,impact, the lower the 

the Figure of Friction the more sensitive-the ma terial is, 

Expl osive substances can, theteforc l be . c1assified into 

groups usi ng the results of the impact and friction sensitivi ty 

classes are 'very sensitive', 'sensitive' and:'comparatively ;n;;or";I:;"'\ 

using the resuhs of the tests carried out on the Rotter Impact 

ex plosive materials can be categorized into these three cI"ss; fical;lo., 

~ h ow n in Fi~lIre 4,2, 

Igilitioll./llififlfimi 111101 f1l<'rllwl/k, Im'f""";'''' 

Very Srll.5 jl l ~ e 

Fo( I ~SO 

Primary 

ex losive.s 

Secondary 

E .... los;,'e.s 

Mercury frd miullie 

Te!l'al.eUe 

Lead styphll3te 

Lead azide 

Silver 3zide 

Nitrocellulose (dry) 

Nit roglycerine 

rETN 
GUllpowder 

HMX'a 

Picric ~dd 

TNT 

NillogU;lllidiuc 

Amatoh 

[f
"
''','·2 C/a,uif!cml<J//fOJ p";mnrJ' /IIidJcCtmdflr ' , . I " . 

/IISt'lIslli!'r " ess IF ()J /) J (\f' "'''''.</') 1/'.'" F'all/'f' of 

IN ITIATIO N TECII N IQ UES 

Ex plosi\'e Train 

cO~ll Posi~io.1t is in itialed or deloJ)ated via an explosive 

~X~l~sll ~e trallllS all a rrangement or ex plosive com pOllcnts by 

mIl Ia toree frolll thc" , 

~~~:;~,;~~~~:~;:d:s:~; pruner IS IransITullcd lmd intcnsified 
all ~C I S o~ Ihc 11101;11 explosivc composition. StllllC 

, trams are SUllIlIHl rizcd ill T'lble 4 5 
all exploslv t ' • ... 

Til e ratns c0l1 lai~1 a prim ary c.lplosive OI S the first 

, " , e sccond COIll~O llellt III thc train will depcnd UpOIl the 

I process reql~trcd ror the main cxplosivecolllpOsili ol If 

f II I C?IllP?sJlion is to be delOllllted thcn Ihc secol;ld 

to tile tr~~n will bllr~l . to de torHttion so tlt:tl it ill1POlftS a 

,,"'" . ' . 0 IC lll.ttJl cOinposll lOll , Thi~ typc of cxplosive Imin i ~ 

(0, 
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Table 4.5 Some o/Ill e components o/explosive trai'IS 

Compont Ht ActiO/I Comments 

Primer I nitiating device Initiated by percussion, sta bbing, 
electrical current, heal, eu , 

DClotmting Detona te base Ignited by primer, Small qURntity or 

charge primary explosives 

Flash Ignite base charge Ignited by primer, Burn cxplosively but 
will not detonate 

Delay Controlled time Pyrotechnic formulation burns without 

delay S" 
Relay Init iate the /lext Its role is similar 10 the detona ting 

component component 
Booster Inili:lle main Used to initiate blasting agents or cast 

explosive TNT 
composition 

Base charge lJetonate main I Usually a secondary explosive 

composition 

known as a 'detona tor', However, if the explosive train is on ly required 

to ignite the main composi tion an 'igniter' Is used which will produce a 

fla sh inslead ora detonation, I 

Detonators 

Detonat o rs a re used for initia ting explosives where a shockwa ve is 

requi red. Detonato rs can be initialed by electrical means, fri ctio n, flash 

from anolher igniferous element, stabbing'and percussion, An ''''"'pl. 
of an electrical detonator is presented in Figure 4.3. 

In an electric detonator Ihe bridgewire in the fusehead heats up to a 

temperature at which the .sensitive ",! composition surrou nding 

bridgewire igni tes, This in IJmj~ilJ t lg';.i1l ihe explosive composition 

the priming charge, The priming cbatge will burn to det onation 

send a shockwave into the base charge,IThis shockwave will ;', n;';a'. 'h, 
explosive composition in the base charge:to detonation. Deto nato rs 

used to ex plode seco ndary explosives, permissible expl osives and 

mites, "! 

Ignite~s 

Igniters arc used fo r initialing explosives whose na ture is such that 

desirable ( 0 use a flame or fla sh fo r thei r initiation. and n O" ' 5~ad~II~~~~~ 
produced by detonators, Explosives o rlhis kind are known a~ 

Fusehead Base charge 

Elec;tricat circu it 

F ' Priming char" 
"lire 4,J Sri I 

' 1{'''WIl t'" (llI!1r((I/I IIrll" f'/{'d";c dC/OItIlIOr 

ing explosives. Ignilers C:l n be initiated b I ' 
fro lll anoth er igll iferous el" bb ' Y c eetnealmeans. frictio n, nash 

I ' "men I, Sin II1g and pc , A 
o an Igniter is the 'sc,u;I, ' I ' I . • reliSSlOlI, II example 

. Wi le, IS II SIlI ',lI c'p' ' d ' " 

appearance 10 a detonat o r but I ' . ' OSIVC CVlce, SlInli<lr ill 

denagra te, so thai ils OUtl' lll ,', , ,' oad.~,d IWllh alt explosh 'c which \\ ill 
' J llmrl/I Y IC:II (nash), 

TJI EUl\IAL DECOJ\II'OSITION 

ex plosive sUbStfill ces 1I 11del'gt1 tlierlll'l1 dcc)Jl , , 

' I,~:::';~a,:, ~~::;::, th ose '11 wI ' " t 'POSit Il'n a I tcmpcrn _ 
T strOllg exotJ:crrn :~CI',:~~ :~ loSIOIlS occur. D uring lliernwl dccom_ 

Some o rlhis he;! t is h , ~ r II: ~J II;HJS ,t,:lke pl,ll cc IVhich gcncra re 11 10 1 or 

Ihe temperalu re or ,, ' I S,lIlltlUrrdrll!!S, hu t thc fcrnailldcl'lVill 

) ~::;',r~;':;~:,e: is !! rcntcr th:~ne;~p o~ I\'es e vcn further, When the rale or 

~ I " will OCCu r i (' ignil i'" ", ,'1,11: ofhcll t ~(J s t. spll ntaneo u ~ dectJIn _ 
, I ' ' , v I , Ie Increa se til Ihe ra" r I ' 

WI! I temperature is show,, ' ' "' ' < co (Ccomposl_ 
D " m~~~~ 

ecomposrllOn of explosive substallccs ' 
I in Figure 44', , gcncrally fo l1o\\'s thc cut\'c 

, , IV ,ere tiC ralc n ses I I 
100 °C and thcn steepens, ,I very s ow y a t tcmpcra lures 

,s Ie Icmr<:raturc ap I I 
temperature of the explosive F I ' • , • proac les l ie 

, ~xp OSlves whu:h ha ve high iglli
Rile or 
deeomposilion 

, , , , , , , , , , 
'-- - «: _ _ J''---_2CMlI'-7 

Ignilion 
I C"'re' ~llIrc 

711l' effi· ('/ "r ,r ml'i'r(1/ lw,' III, /11/' "OIl ' 1 I 
" " "''''''I''''i/l"" Hf (fI ' " ' ld"';I ',. 
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TAT B HMX, HNS Bnd TNT, also have a tion temperatures, such as 'wilh low ignition temperatures high stabil ity t~ . heal, whe~eas those 
have a low stablhty to heat. , l ed b the decomposi tion of the explo· 

The chemical energy H geneta! 1 Y I I Ihe surround ings F and the 
1 d f om the heat as 0 . sive cun be calcu ate . r I 've Q as shown in Equation 4.3. acculllulation of heat m the exp OSI 

F+Q~ H lO) 

. H enerated by the decomposition a,fan The amount of chemical ene~gy . g h Ifvi lY of the explosive, SlIlce 'II ' . f noallon on·\ e sens 1 . t explosive WI give III 0 , . , . n of ex losives is t hermal. Concarn l lan • the mechanism for the 1~lt l at lol ' Po re sensitive explosive. 
Iy, " high value for II Will resU t ill a m I 

, , 

\ 

Chapter 5 

Thermochemistry of Explosives 

'th",nod,ell' ';"" 'Y is nn important p:Ht of ex pl osive chemi stry: it pro
information on the type of chem ical reactions. energy changes. 

n~~~::;~~~' ~h':;IHJ kin etics which occur when a material undergoes an ~ lI i chapter will carry o utlheoretic;ll thermochemical calcu-
0 11 expl osive p<lrallletcrs. bUI it mu st be noled that the result s 

by such calcu lations will not alwa ys agree with th ose obta ined 
Iy. si nce experimcntal result s will vary llceOiding lu tile 

employed. 
;Ill explosive react io n takes pJ:u.:e, the expl usi\'c molecule 

apart int o ils co nstituent a toms. This is quickly followed by a 

~;;:E~~,~~~~,:o:~r,,~( h e al OIl1 S in\(} a series of small. stal>lc Illolecules. are usuall y wa ter( H 20). carbon diuxide (C0 2), carbon 
nitrogen (N 2)' The re arc also molecules or hydrogc n 

, carbon (C), aluminiulll oxide (AI 20 J ) , sulfur dioxide (SO l )' etc.. 
in the products of so me explosives. The na ture urtlle prod uels wi ll 

upon the amo unt of oxygen available during the re..1(.: tiOIl. Thi s 
of oxygen will depend in turn upon the qualltity of oxidizing 

which are present in the explosive molecu le 

OXYGI: N BALANCE 

Hs;,dco';III' tI,C ,' '','cluml formula of T NT(S. I) and of nit roglyceri ne 
" "OPO"I;oll of oxygen in each molecule can be calculated and 

the amount of oxyge n required for complete oxidation 
elements, i.f!. hydrogen and carbon. 

amount of oxygcn present in the explosive molecule is insum 
the complete oxidatioll II lIegali vc ox yge n ba lance will res ult: 
be seen in the Ilw lecuJc TNT Nitl'(l!!lyn'r;rw. hO\\(.'\'cr. h:l ~ iI 

f ," 
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" "~-O-NOI 
11- -Q-NOz 
II -O-NO: 

" 
(5. 1) (5.2) 

hi gh proportion of oxygen, more than required for complete oxidation 
of its fuel elements and therefore has a positive oxygen balance. This 
oxygen balance can be defined as the amount of oxygen, expressed in 
weight percent. liberated as a result of the complete conversion of the 
explosive material to carbon dioxide, water, sulfur dioxide, a luminium 

oxide, etc. 
When detonation of TNT (C1 H,NlO,) takes place the explosive is 

oxidized to form gaseous products. LeI us assume thaI on detona tion 
the reactants are fully oxidized to form the gases carbon dioxide, water 
and nitrogen as show n in Reacti on 5. 1: " 

(S. I) 

The equatio n in Reaction S.I needs to be balanced. and this ca n be 
done by introducing oxygen atoms (0) as shown in Reactio n 5.2. 

" t) • .' Ir< 

C,H,N~O_ 7 ,nCO.j + IIH10 + liN) + 110 
. n;' ··!'1.(l0j .. 

C,H,N,O, --4 7C01.+)J.H)O .+ nN) + nO 
'rf j._, r.: I. J~'f"fJ 1 .. /' 

C, H,N,O, -t 7COl +IVh H10 + nN) + nO 
'" '. /.'r1l'l.'" ~rll II~ 

C,l1 sN~O~ -+ 'CO) + 2VzH10 + 1V2Nl + ,,0 

l "" ~ k\' 
In order to balance the reaction formula fo r the combustion nf T'"· 
negative sign is used for oxygen. This .therdore indicates th a t TNT 
insufficient oxygen in its molecule to oxidize its reactants fu lly to 
wa ter and ca rbon dioxide. This amou nt of oxygen as percent by 
can now be calcu lated as shown in Equation 5. 1, where the atomic 
or carbon =:= 12. hydrogen = I, nitrogen ... 14and oxygen = 16: 

Formula orTNT (C, II ~NJO(iJ 

Molecufarm3ssofTNT =(7 x 12)+(5 x 1)+(3 x 14) +{6 x 
= 227 

T~tal molecular rna~s of oxygen atome; (OJ 
JII the product~ = - fa! x 16 =:= - 168 

- 168 x 100 

7J 

I(i) 

Amount of oxygcllli hcratcd III' taken in - 74% ~--.---

127 

15.1) 

E An ~lter n ative method for calc ulat ing the OXygCH ba lance is shown in 
.quatlOn .5.~. II cre. the oxygen balance n is ca lcula ted rrom an cx I 

sllIecontflllllng thc gc neral rorlUlih C " NO ." I I r 0-
, • h < <I WI 1 111 0 eell ar mass AI. 

n = [If - (2a) - (11/ 2)] x 16UO 
AI 1).2) 

Using Equati o ll 5.2 the Dxygell bnlance for RI)X (e /I NO ' 
10 be - 21 60/. •. ,' ,1'0" ." · E . 5 J ' II ., .. ) IS round .• ~ 111 'quat lOlI . : 

RDX,a = 3,1, = 6,(' = 6andd = 6. 

M = (3 x 12) + (6 x I) + (6 x 14) + (6 x 16) = 222 

n ~ [6 - (2 x J) - 16/ 2)] x 1600 
222 - 21.6% 15.J) 

balanced reaction rorm ulae .. nd calcolat ed oxygen balances for 
I substances arc presented in Ta bles 5 I and 5 2 . . . respect· 

be scell r~orn Table 5.2 thaI explosivc substances may h;l ve a 

~
W.:;:iO::':~,negaI I Ve oxygen ba la nce. The oxygcn ba lance provides 

on the types.of gases liberated. Ir the oxygen balance is large 
then there IS I~O I eno ugh oxygen for ca rbon dioxide 10 be 

. Con~eq~el1tl y. I.OXIC gases suc h as carbon monox ide will be 
~falerl. ThJ ~ IS ~'e r~ Impo rtanl for com1l1 ercial cxplosives as the 

of tOX IC gases libera ted 1I1(1 s1 be kepi to a min imum 
. I bal;lI1ce dnes.IHl l pro~iJc infuflnati ll ll (HI ' the CIICf'V 

W~llch ta ke p~a ce durll1g a ll ex p/(lsion. Thi~ inform ation can ~~ 
y ca lculatlll g the heut Ilhemted durill~ dCCOIIIP11~ililln Ilf 



Table 5.1 Balanced reaclion/ormulae/or some f!xp/osiW!s 

Exploli!'e lflb5Ia"c~ 

Ammoni um nitrate 
Nitroglyceri ne 
EGDN 
PETN 
RDX 
J-IM X 
Nitrogu<lnid inc 
P icric neid 
Tetryl 
TATB 
II NS 
TNT 

Balanced reaction/orllll/ioe for complefe combUllioll 

NH,NOs ..... 2 B zO + Nl + 10 

CI H, N)O, ..... J COI + 2f "'10 + If N1 + iO 
C, H"NI01 ..... 2CO, + 2 HID + N: + 00 
Cs H,N,OI, ..... SCO I + 4 HIO + 2N, - 20 
C}H1 N60 I ..... J COI + 3 H10 + 3Nz - JO 
C,HaNsO . ..... 4C0 2 + 41-110 + 4 Nl - 40 

CH.N"Oz -- cal + 21-1iO + 2 NI - 20 
CeHJNJO, ..... 6C01 + /1"1 1 0 + 11 NI - 610 
C, HsNsO, ..... 7COl + 21 HID + 21 N, - 8, ° 
C6 1-1 eN60 6 ..... 6 CO I + 3 HzO + JNJ - 90 

C"HeN60 u ..... 14 C02 + J HIO + 3 N1 - 190 

C, "I S N}OI ..... 1 co: + 21/-110 + I ~ N1 - I O~ ° 
Table 5,2 O.>:J'yeIJ bu/cmCf! 0/ Jome explosiW!s 

E>:pfosit'r! JltbllCmCf: 

Ammonium n it rate 
Nitroglycerine 
EGDN 
I'ETN 
RDX 
HMX 
Nitrogu<lllidine 
I' icrie ::acid 
Te tryl 
TATB 
!-INS 
TNT 

Emplrkal/orllJulu 

" 

O .>:J'gell bu/clllce/"I. weighl 

+ 19.99 
+J.50 

0.00 
- to.l3 
- 21.60 
- 2 1.62 
- JO.70 
- 45.40 
- 41.39 
- 55.80 
- 67.60 
-74.00 

ex plosive substances, known ' of explosion'. In 

ca lculate the heat of explosion, the; decomposition products 

ex pl osive must be determined,tsinte 1tlle magnitude of the heat lb! 

plosioll is dependent upon the' t~efl"tii:J~Yhamic slate ,o:~f.~;rl:s,f:~~~~: 
decompositi on process will t>e 'by-rietl:ihation in the '" 

seconda ry ex plosives, and burnini"lH 'the Case of :gu"p')w,d"'S " i~: 

pellants, ,j"n ?~.!.;j 

DECOMPO~l1.i9.~:.iEr\CTIONS 
The detonati on of HMX (C.H ~NIO.) will result in the f~.'::~~:~~ 
decomposit io n prod ucts. These may be carbon monoxide, 

ide, C;UbOIl, wa ter, etc., as shown in Reaction 5,3. 

'" 

C.I-I~NI08 -+ 4CO + 411
1
0 + 4N

z ., 
C.II.N.O. -+ 2COz + 2C + 4HzO + 4N

z ., 
C.IIRN.O. -+ 2eo + 2COz + 211z0 + 2H

z 
+ 4N, 

., 
C,II.N.O. -+ 3e01 + C + 211 ,0 + 211

z 
+ 4N, 

I elc. (>; 1) 

n order to chlrify the problem lft.l ' ,-

was developed during World \~ .tr ~~Ob'Y" 'K)O,S I,t.' ~ ~1 prouuc ts, a ~C ( of 

I ' IS la"Qwsky 'Ind \V I 
ru es are no wadays known ilS the ' K I. ' I SO il , 

I ) Th ' Istla.:owsky- \vilson' n I 
ru es ese ruJc~ should o nly be used ~ . dies 

I.fid,,,, explosl\e~ Willi :In oxygen h:illIHce grc<l~;:: ~:~ , ~r~t;(':ooxygell -

K i ~ lia kons ky_ Wil~oll Uull's 

Kistiakowsky W', I . 
I S(l ll rtl es lir e p reseill ed in T<l bl 51 

these rules II I e '-, 

bc<let'",,";"~I ': Ie ( eco!n position prtld uelS uf IIM X (C' II N 0 
, I ~ ~htJWIIIll Table ~.t <I M ~ s) 

Kisl;f1I.. ""·I ~J" " ',{,,,," ",,,,,_, 

('mUn/illl/l 

' DecOIlJ(lQsil ion p'~/lIc/s 0/ II M X /lJillg Ihe K ist iaJww.~ky WiI,lm, 

COlldilimlS 

Carbonlltonrs are convertcd to c b 
monoxide <lr on 

If flny o,.'( ~ge l) rcmllius Ihell hydrugel1 i~ 
then OXidIzed to ",<ller 

Irany ~.'(y~cn still remains then C<l r bOI1 

monoxIde IS oxidiletlto eMoon dioxide 

All the nilrogcn is converter./ ttl nitrogen 
gas, Nl 

PrOOf/Cis 

4C ..... 4CO 

No 1110re oxygen 
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Rule 110. C,md,rirllJl 

I Hydrogen atoms are converted to water . 
2 If any oxygen remains then carbon is converted to carbon monoxide 
3 If any oxygen still remains then carbon monoxide is oxidized to 

ca rbon dioxide 
4 Allthc nitrogen is converted to nitrogen gas, Nl 

T. ble 5.6 DecomptMillolJ products o/TNTuling the modified 
KiMiokowsky- lVi/sfJlI rulu 

Rule 110. 

1 
1 

3 

4 

COlllllffQlIS Products 

I-Iydrogcn !\Ioms a te converted to water 5 n -0 2 ~ 1-110 
Ir any oxygen remains then carbon is 
converted to carbon monoxide 31 0 -> 31 CO 
Ifany oxygen still remains then carbon. 
mono~ ide is o~idlzed to carbon dioxide No more oxygen 
All the nitrogen is converted to nitrogen 
gas, N1 3N-o 11Nl 

The overall reac ti on for the decomposition 9f HM X is 
Reaction 5.4, 

C.I-I.N.O ...... 4CO + 4H10 + 4Nz 

The Ki stiakowsky- Wilso n ru les cannot be used rOT explosive 
terials which have an oxygen balance lower than -40. Under 
Circumstances th e modified kistiakowsky"-Wilson rules mus t be 

I' " 
played. r' .' ',"') ", ;';,'1' 

Modified Klsd.ko~Jky-\ylIson Rules 
',' t 

The modified Kistiakowsky-Wilson rules (mod, K-W rules) are 
ented in Table 5.5, ... -

Using these modified rules the decomposition products for 
(C7 HSN j06) arc given in Table 5.6. 

The ovcrall reaction for the decomposition of TNT is givcn in 
tiOIl 5.5, 

C, IIJN.10~ -+ 3V2CO + 3lhC + 2'hH10 + JIliN! 

The retlc tion for t he decomposition of explosive substances can 
fore be determined using either the Kistiakowsky- Wilsoll (K- W) 

ExplUlil't! lllbltUlrce 

Nilroglyccrine 
EGDN 
PETN 
RDx 
HMX 

R~(I~t ;o"sfOllfec"'"PrJsitiml f'rodliC/~ 1I~;lIg the 1II(lIfrfit'd 
K 1.1/101<011 ~kr Wil.~(m ( 1IIIn/ K W ) nl"'.~ 

sllbs/(lIICe Real/lOll for decompo.fitiml product ~ 

Kis til~kows k }' Wilso!l {!lIud . K WJ rules. Tllbles 5.7 
~.~::;~,:P"',,~, 'l equatIOns .fo,r the decomposition fl'r so me explusive 

uSlIlg the Krslrak ows ky_ Wilso ll :1II11 the lIludilied 

" ~.:~:;;':~;~~,Wi,l~'''' rules. respecti vely. 
~ to .K jstja~owsky Wilsoll and modified Kis tia 

rules IS prOVided by the Srringal] Ro bert s rules. 

Springa ll Rolwrls Rull's 

Robert s rules take , t~le unmodified Kis tiakmvsky Wilsoll 
on two more cond,t IO ns as shown ill TlIble 5,9. 

Springall Roberts rules the produc ts for the decomposit ion 
of TNT (C, H'IN j06) are presented in Table 5, 10. 

reaction fo r the deeompos itio ll nfTNT is given in It eac. 

(~. 6) 

~'thlrecd!fTeren~ r!l.les for determill iJlg the dCC{l lllpm ilioll pn.d u.: ls 
~ro\llde ~Il JIlsIght to the deco mposition Jlrod\1c t ~: they do liP! 

II1forll1 a ll OI1 <1$ to the energy relC:I<;etllll1 dC('OI I1Jl t.~ iri (l ll . hllt 

7 



76 Chapler j 

Table 5.9 Sprillgal/ Roben! rules 

Rule no. COlldltiol1S 

I 
2 
J 

4 , 
6 

ted 10 carbon monoxide 
Carbon a toms are cOllver . th n oxidized to water 

HallY oxygen re.mains t~en'hhyd~~~~~ m~noxide is oxidized to 
HallY oxygen stili remams en , 

carbon dioxide . as N 

All the nitrogen is converted to .~'tr~o~~:~ is' cO~\'erted 10 carbon 
One third or the carbon monoxi e 0 

and ca rbon dloxid~ . t f carbon monoxide is converted to 
One sixth orthe onglnal amoun 0 

rorm ca rbon and water 

"TNT US;" the Sprfl1gal/ Robens rilles Table 5.10 Decomposilioll prodl/cu OJ 9 

Rule 110. CQlld;rivlIs ProduclS 

2 

J 

4 

, 
6 

Carbon atoms ale converted to carbon 
'\ " I 

monoxide " h 
Ir any oxygen remains ther. hydrogc~ ,I,S I . ~ II 

oxidized to water , . . 
Hany oxygen st ill remains then e~r~n 
monoxide is oxid ized to ca rbon d.IOAlde 
All Ihe nitrogen is converted 10 mtrogen gas, 
N, 

This results in the rormul a, 

6C ..... 6CO 

No mOle oxygen 

No more Ollygen 

C, .. NO ..... 6CO+C+21 HI + 11Nl 
1 " $ l /; , 

'd' ~ d 's 2CO ..... C+ COz One third of the carbon monOlll e, o~me t I 

converled 10 carbon and carbon d,OXide 
One sixth orthe origi nal amount or carbon 

monoxide is converted to rorm ,",,', bo,.~~n, d 
II .\'1" , water 

"'H' , ! ) ',.:.! ,1:','1" 

CO+ Hz ..... C+ 

. , I . the h~~t !~re~pi~sion . Although 
a re essenlial when ca eu attng , 1 "" 1' ~' 1 ' ,: roducls 

. d' « , wer for the oeco/'!p.oStlion p 
wiJlprovldca tlleren ans . "'(">:',1, ' 1 ~: " dd ive 
be used as a gu ide. They are Simple t,?, ap'p '/ ,an , 0 g ..... ,.,.~ 

approxima tions. 

II EATS OF FORMATION 

The heats of fo rma tion fo r a reaction containing e~~~~Siq'Uean'i'l 

can be des,cribed a'c',e";'yC ~~it~:z:~~~ eaYno~:~s;~:o:~: of oxygen. 
substance IS comp 
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ing in the forma tion of carbo n d iox ide, water and sulfur di oxide. Fo r 

explosive substa nces which do not contain sufficien t oxygen in ils 

molecule for complcl e ox idation, i.e. TNT, producls such as carholl 

monoxide, carbon a nd hydrogcn gas are rormed. The energy liber:lted 

during Ihe formation or Ihese products is known as the 'heat of ex 

plosion'. If these products arc thell isolated lind allOwed 10 burn in 

excess oxygen to form suhstances like c;lrbOIl diox ide, water. I' /C., the 

heat evolved added to thc heat of cxplosion Ivould be equa l to the 'heal 

of combustion'. Co nsequently, the value for the heat of combustion is 

higher thallthe v:llue for the heat or explosion for substances whieh ha ve 

: , insufficient oxygen for complete ox idation. For ex ploshe substances 

. 1 posi tive oxygen ba lances, i.e. nitroglyccrinc. thcfc is gencra lly 110 

between the value for the hea t of explosio n alld tha t of the 
of combus tion. 

m,.,.llu, for the heat OffOrillati tlll can bc neg;ni1cor pos itive. lftllc 

~j!'~!:;'::;'~I;:;~;I~,;c,:.a t is liberated during the reaction and the reaction is 

JC irthe vnlue is positi ve, heat is absorbed during the 

th e rea ction is endothermic. For reactio ns involving cx-

WI".',mnpo""""""",," c' i,,,,, is ahvll Ys exo thermic. I J1 an exothermic 

the energy evolved may appear in many forms, but fo r practical 

it is usunlly o blnined ill the form of he:II , The energy liherated 

explosives dcflagrale is called Ihe 'heat of de nllgration', wherea s 

Iiberatcd by dctonating cxplosive .. is ca lled the 'heat or 

.gnati" ,,· in kJ mol I or the 'heat of explosion' in kJ kg ' I . 

chemica l reaction involving explosives, cnergy is initially re

to break the bonds of the explo~ i \'c into ils co nst ituent eJCl1lcn1.~ 
in Reaction 5.7 for R DX. 

(5.7) 

,J~~.~:~~q UiCkI Y forml1ew bonus with the release uf a greater 
::-r as show n in RClIctio n 5.8. 

pl""" '" of an explosive arc first raised 10 it highcr energy level 

of the ' heals or atomiza tion ' in order to hrea k their 

~':~:~i~" ;' Thcll the atoms re;nrange themsel vcs i nt (1 lIew 

f ' a largerquilntily ofhca l nnd dropping to;1/I cnergy 

r the origi nal as shO\\' ll in Figure 5. I 



78 C/mpler 5 

JC'" Jill + JN1 + lOI 

r ""'m 4 IUorm 

JCO + JllP +IN 

Figure .5.1 Elleryy i5 fllken in If) break tile bonds oJ RDX /11/0 III cOlu/;ruelll 

elemelll s. Elren elleryy Is released wilen new bonds lire formed 

The thermod ynamic path presented in Figure 5. 1 will most likely nol 

be the sa me as the 'kinetic path', For instance. the reaction may take 

place in several siages involving complex systems of reaction chains, etc. 

Nevertheless, the ene rgy evol ved depends!only on t1le initial and 

states and not on the intermedia te ones; Once the reaction is <o,mp,l"od, 

the net heat evolved is exactly the same as irthe reac tanl molecules 

first dissociated into their atoms, and then 'reacted direelly to form 

final products (I-less's La w). The heats of formati on of some p,;m,,,yand 

secondary explosive substances are presented in Table 5.1 

, 
HEAT ?f, EXPLPSIO!'I 

When an explosive is initiated either to burning or det onation, its 

is released in the form of heat. The liberation of heat under ad;;ab~1 

condit ions is called the 'hea t of explosion;! dehbied by the letter 

heat of explosion provides information about the work ~:;"~;:~!J~ 
L(II·j, , . I' ,,/.r " .... , .. 

explosive, where the effective p'ro~1 an s and , secondary 
fl f)Jo"..Ih" r"I" .. 

generally ha ve high values of Q. ~~rfP~~pell l!.~.ts burning in the . 

of a gu n, and secondary ex plos i v~ !1}{ p'e,l~~!1ting devices, the 

explosion is co nventionally expressed in terms of constant 

condi tions Q •. For rocket propellants b~ rn1t;g in the combustion 

ber of a rocket moto r under conditi ons bffree expansion to the 

phere, it is conventional to employ constant pressure conditions. 

case, the heat ofexplosioll is expressed as Qp. • 

Consider lin explosive which is initiated by a stimulus of 

thermal proportions. The explosion can be represented by the 

ible process as shown in Figure 5.2, where Q is the value or 

ultimatel y I ()~t In the surrou ndin gs. 

71lermtJC/remisl ry <if E '(f"O,til'I'.~ 

Tll ble 5.11 
:I~b~::,,~[;:rmtllh)ll oI~ml/t' prim",·" tII/ff ~('cvllf/arJ ('\""/o.~i. '(' 

E.'(pIQsiue slibstm.ct.' EmpiriC/II ;;1/"11111/<1 /1[<11. II I 

Primar)' expll)siL'eS 
r\'lercu ry 

rulminale II gCJ N. O , '85 Lead s lyphnale PbC .. ) I;N;O" 
Lead azide I'bN" 

'68 

'" 
SecOI.dary exfllvsi,'es 

Nilroglycerine C' '' ~N.U" 227 EGON C2 1i4 N}Or. 
PETN '52 
ROX 

C. li8 N4O rJ JI6 

HMX ~) Ii ... N ... O .. 222 
<'4 H8N8U~ '96 
Cl I4 N4 O. '0< 
Cs I-l3 N,U

7 

Cl rr ~ N~U. 
229 
2R7 

Cs l'6 NosO" '" C r4 1-1 6 N6 O '1 450 
C, Ii ,NJO" 227 

INITIATE 

J 

EXPLOSION 

GASEOUS PROOUCTS V 
HEATS Q 

M I, 
!kJ k~ 

I 1354 
- 1826 
+ 16 12 

~ 167<1 
- 1704 
- 170J 
+279 
+25J 
-91J 
-978 
I- 118 
- 597 
f- / 28 
- 115 

Sclrematic diogrtlll. o/,h" irr""t''niblt' (,,(n/m,. 
• , . - 011 P"''''(',fj 

tJ./f, 
/ kJ mol 

+ 386 
- !l55 
/ 46Y 

- J8U 
- 259 
- 5.18 

06' 
+75 
- 95 

- 224 
./ J4 

- /54 
"58 
- 26 

~~;~~:,:~:;I: VOlume condi tiolts Q b energies of r .• ca n e calculated from the 
. o nnatJ on for thc producls I! U6 
mlerna l energies ofrofma ti ~ I .'Ip,,,.h •• ,., 

aU: . on or t lC exploslvc Ct) IJl -

, (up .... J.~ <"n'pontn", as sho wlJ In Equation 5.4. 

Q v = E.6 U: (p'ocl u<Oo, - E.6 U9 . 
. r Ir,pr"",,-< <~ "'PO"<'''') (5.4, 

~~~~;~~::::~,~;S~:~::'i':' .rll ~ Ih" I~ea t (If cxplosiu n uuder CO I1 S [ ~ nl 
III ' ·qualloll 5 5 w/rere .6/f' • 

rd cnth'ill" ·'.' " rr . .: r represents the 
, " ll 'lrIalrnll' 

79 
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Q,. = r:.6Hr(prod"~!I) - l:l!.H1, •• pl",' .. com""ncn,.) (5.5) 

In considering the th ermochemistry of solid and liquid explosives, it is 
usually adequate. for practical purposes, to treat the sta te functions all 
and flU as approxill1ately the same. Consequently, heals, o r en thalpy 
terms, tend to be used for both constant pressure and consta nt volume 
co nditi ons. I 

Therefore, Ihe heat of explosio n Q can be calculated from the differ
ence between th e sum of the energies for the formati on of the explosive 
components and the SUIll of the energies for the form a ti on of the 
ex pl osion produc ts, as shown in Equation 5.6. 

, 
The calcol ated values do not exactly agree,y.oilh those obtained experi
mentally si nce the conditions of loading density, temperature, pressu re, 
eIC., are not taken into consideration , \! 

T he value for Q in kJ kg - I is generally derived from the heat of 
detonation !J. Hd in kJ mol - ' , T he hea t 'of detona tion for RDX can be 
ill ustrated using Hess's law as shown in Figu re 5.3. 

Using the diagram in Figu re 5.3 the heal of detonati on for RDX can 
be calculated a5 shown in Equation 5.1: -

Il eal offorrna lio n of RDX = .6.Hr(RDX) = +62.0 kJ mol - I .. , 
Il eal orrorlna lio n of ca rbon monoxide = AI-I, (CO) 

= -1l0.0kJmol - 1 

Hea t of format ion of water in the va pour phase .,. .6.Il,(H 1011) 

= - 242.0kJmol- l
, 

Therefore.LlH. = MI,(RDX) = + 62.0kJ mol-I 

lJ. H ) = [3)( !J.1I1(CO)] + [ 3 x Mlr (li 20 (II)] 
- [3 x (- 110.0)] + [3 x (- 242.0)] - - 1056.0 kJ mol- ' 

Mid = 11111 - 11 11 . = - 1056,0 - ( + 62.0) = - 111 8 kJ mol ~ I 

J Iltl'lllocilcmislrJ ()r 1:. \/1/""1'1 '.< 

" 

J('" .... J ill' JN1 t JO, 

figure S.] Elllhafpy <If riI'lOl/(l/"", (i w NI) \ II~"'III . . I ' r " ,( I till ' 

Th e heat of dc tonation ror RDX is _ I I , _ . be cOll verted 10 the h C'1I of , ,' 18 kJ 111 0 1 . nll~ vallie can " . ' exp OS IV II Q li S shuwlI ' F . / ' IS the molar mass of R DX (222): . . .n ,qUII!' OIi 5.H, w!'c,e 

Q = t.IIl.I x HKlO _ - 111 8 )( IOUU 
M - 222 "" - 50J(, kJ kg' (S.1l1 

An other example is Ill e e dt'lIh !i f ' shown in Fig"" 54. d' · E' II'! P I I he l1e:lI tl , cx pl o~ iollllr PFTN . , ,III 111 ' lJ Ua t lO1I 5.9: 

=tJ.H ) - !J.II. 

- 538,0 kJ 111 0 1 I 

- 110.0 kJ mol 

", ('CU ,)= - 393.7 kJ 1110 1 I 

= -242.0 kJ mol I 

lJ.U. = t.\lI,(PETNJ = - 538.0 kJ mul I 

. [2 x lJ.H,(CO)J + l3 x ,1!-fdCO zJ] + 14 x Ll ff (II 0 )] 
, 1 1. , 

[2 x (- 110.0)] + l 3 x ( - 393.7)] + [4 x ( - 242.0)J 

- 2369. I kJ 11101 ~ I 

I kJ I1I{lI • 

1000 
57tJ4 k.l kp I f ~ I)) 
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611\ /a ll: 
.5C + 41lJ + IN) + 601 

Figure 5.4 EIII/wipy of delorloliolt for PETN usillg Hess's IIII\' 

Table 5.12 f1 eat oJ txp/osion llnd I,tal 0/ de/vnallon at co,u(ml/ ~~"'::;!.~:, 
primory ami secondary uploslve subs/ollces usillg Ihe 
,,!tIdifred K - W rule! . .o.H, (H z<?) Is fllilre gaseous SiDle 

Ex plosive sub.U(IIlce AHJkJ mol - ' Q. /kJkg- 1 

P,illwry e.l:plo.~it ·es 

Mercury rulminale J-I gC1N 1O: -500 1755 
Lead styphnlllc PbCe HJN]O, -868 1855 
Lead azide PbN, - 469 1610 

Sr,,,,,,/,,r), l' "'1" "~ir'I'~ 
NiltUlllycc ri nc CJ II ,NJO~ - 1406 6194 
EGD N CJ H.N1O, - 1012 6658 
PETN C,H.N.Ou - 183 1 5794 
RDX C] I-I ,N,06 -1118 SO). 
II MX C. I-I ,N,O, - 1483 50 10 
Nilroguaniuinc CH.N.01 - ~S1 247 1 
Picric acid C,H J N3O, - 744 "SO 
Tetryl C 7 i-1 ,N,O, -1244 4334 
TATIJ C,H,N6O, - 902 3496 
ti NS C,.H,N,O'l - 1774 3942 
TNT C,I-I,N J 0 6 - 1016 4476 

The higher the value of Q for an explosive, the more the heal gener
a ted when an explosion occurs, Table 5.12 presents calculated heats of 
explosion together wilh their calculated heats of detonation for some 
primary and seconda ry explosive substances. T he negati ve sign for the 
heat of explosion is generally omitted since it onl y den otes an cxot her- , 
mic reaclion. 

From Table 5.12 it ca n be seen that secondary expl osivcs generate far 
more heat during an explosion than primary explosives. 

Effect of Oxygen Balance 

The effect of the oxygen balance on Ihe heat of explosion ca n be seen 
from Figure 5.5. 

The heat of cxplosion reaches a maxim um for an oxygen ba lance of 

Heot of E:tplusion (kJ kg ') 

7000 -

""'" -

'000 

I!G IJN 

~ Ni1roglycerine 

PETN 

DX 
x B/IIX 

RJ 

4000 -

Lt--t--t----t-t-
-60 -40 -2U 0 +20 

Oxygen Ihlanc!:' ('l. ) 

111t' t'ffl'c i "j rl, (' U ".\'!I('Jj /"'/lII/«' 1111 1/'" /rml (If t' lrlrl~;tI" 

sincc Ihi ~ CU /I eo; l1o lld " t. \ r I 'l' ~ I . lid li" !I1cl I it: ,I ~ id;1 1 ion of l'lI r h OIl I II 

dioxide alld hydrogel! 10 w,Jler. Ti,e l' ,XygC Il ba lance ell!} 11, (; lt

used to opli!l1 i7C the COIl1I ){l~i til'" of the cx pl osivc In give :111 

balance as do~e to Tern as pos~ihle . Fl' r exa mple, T NT ha ~:1/1 
balance of - 74.0: il is the refore very delieiClit in oxygel' , ami by 
it with 79% lI mlllo niullIl1 il latc which has an oxygen babllcc of 
the oxyge n balance is redllced Iii Tern re<; lIl ti l1~ ill a h ig h Va lue 

heat of cxpl osion . 

VOL UME OF GASEOUS I'HOUUC I'S OF ~XI'LOS ION 

volume of gas produccd dUI i ns all cx plo"io ll wi ll providc i IIfo l111:1-

on the amo unt of work done by the explosive. In order 10 measure 
volume of gas generated staud ard eomlilions Inust be e~ta b li <; hed, 

:be"",,, the volume of ga s will vary according 10 the temperature al 
the measurement is taken. These ~ t :"lJ l d a rd conditions also c1wble 

~\~:;~r,:::,:~;'~ ;~:t o~ be made helwecn o ne ex pl osive and .moth er. Thc SIan. 
~ I set the tempera t u re alOe or 273 K, and Ihe pres~ure at 

atm. These cond itions ;r re known as '.;; tandanl, tempera ture and 
I I , 'Sip'. Under th ese slnllli ard co ndi tiuns (HIe lII o le of ga s will 
occupy 22.4 dm l. wh ich is known as Ihe mola r ga s vplullI e. Thc volu me 
of gas V produced frOIll an expl osive dluing de!Ona tio ll ca ll he c:rI

I cu lated from its eq ual it)1I (If decolnposilio ll. where i IIfo rm:t tiUlI ell II be 
obtained on the al110llnl (If g<l<;eollS prod lIets libcr;r IL'lI. Exa In plc~ fI l l" Il le 
calculati on of V during dctollatinrl (I f RU'< and T NT ;Ire g i l ell hcll lW. 
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The equation for explosion of RDX using the K- W rules is given in 
Reaction 5.9. 

(5.9) 

The production of water will be turned into steam as the temperature 
of explosion will be very high; therefore, water will be regarded as a 
gaseous product. From Reactio n 5.9 it can be seen that 9 moles of gas 
are produced from I mole of RDX. Therefore, 9 moles of gas will occupy 
201.6 dlllJ and I g of RDX will prod uceO.908 dm 3 g - I (908 em) g- I) of 
gas at 'stp' as shown in Equation 5.10: 

I mol of gas at ·Slp· will occupy 22.4 dm
3 

9 mol of gas will occu py 22.4 x 9 =' 20 1.6 dm
3 

Therdore. I mol of RDX produccs 201.6 dOll of gas 

20 1.6 I g of RD X produccS-m = 0.908 dill) g - I 

whcrc thc molccular mass of RDX is 222 

The equal ion fo r explosion of TNT using the modi fied K- W rulcs is 
shown in Reaction 5.10. . 

C7H sN,U~ --+ 3lhCO + 3YzC + 2VtHJO + PI:NJ 

QIlC mole of TNT produces 7t moles of gas which will occupy 168 
dill ) and I g of TNT will produce 0.740 dm) g- I (740 cm] g- I) of gas 
's tp' as shown in Equalion 5.U: 

7! mol of gas will occupy 22.4 x 7t",. 168 dm
l 

Therefore. I mol of TNT produces 201.6 dm ) orgas 

168 
I g of T NT produces 227 = 0.740 dm

3 
g - I 

wherc the molecular mass of TNT is 227 

Tablc 5. 13 prese nts the calculated volumes orgases produced h.<n,_ 
ex plosive substances a\ ·stp·. 

n ll'rmO(hemislr,)' oj r:;_,p/O.~I!'e,~ 

Table 5. 13 CtlJccl[CIIe'[l'o/ume IIfgtl~eJ prlJliu("I!(/ I> • ~ . Jltludltrlllempel'lIIun' (""/ ' < " me e \/Jio.u!'e ~ II/t.~"mn'< (1/ f1re.~ !IIn' 

ExpioJitle subslllun.' 

Nitroglycerine 
EGDN 
PETN 
RDX 
HM X 
Nitroguanidine 
Picric acid 
Tetryl 
TATS 
HNS 
TNT 

EXPLOSIVE I'UW[I{ ANI) I'OWER IN DEX 

I'/dm \ g 

0.740 
O.7 J7 
0.780 
0.9U8 
0.9iJR 
I U77 
O.,~J I 
0.820 
01111 
1174 7 
() 74U 

an explosive rcactio n he'lI 'md I . the hcat of cxplos'io ll'Q ·C.LL tnsl~s arc hheratcd '1 he vo lume (11 g:r<; 
va lues can be combinc t t< I 0 \ be cnku l.rted I1Idcpcudclltl y nul 

',s,h"wuin Equat iol! 5.1 2 l 0 gl\'e I Ie value fllf Ihe C'< pIOS1I1C r(l\\cr 

Explusivc P{H\(, I" = <1 x I' (5. 11) 

value for the explosivc . I . ofa standnrd ex l\( s.~"~r 1.5 t L ~n C() lHjJ:~ I Cd \\i lh the ex plosivc 
shown in Equation 5'. 1 ~. ~~!~;~~:~:~~~) ~esultlllg in the powcr indc.,<. 

kJ g - I a nd 0.83 I dlLl J. respccli v~ly . Qrl' !c ' ic ~d~r arId V rric.lc .cl.h are 

Po wcr Index = Q )( V 
Q 

• -- x 100 
(,,;~.ic _dd r x " l' lc,;< .d.l) 

( 5. 1 ~) 

index values of somc p . I are presented' ill Tabl e 5.1:.Lfllary and sccondary ex pl osi\c 
expet:ted. Ihc valucs for th e puwer and lU W . d 

Aplo,;", are In lIch higher I han Ihc valu~s fo~ III I~L~':~Y Cc', "If s~co L1da ry • p (IS111('S. 
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Ta ble 5. 14 1711' power illlle." of some pr imary alld secondary explosive SUb.fln/lces 
wkill(l picric field lIS file sfandard 

Explosh'c .fU/).f / fWC(' Q./kJ g· ' V/dm l g 
, 

Q xVxIO ( Power 
illrie"rl. 

l'rilllllry e." plll.dves 
Me rcu ry fulm ina tc 1155 0. 21 5 37.7 14 
Lea d 5typhnil tc 1885 0.)0 1 56.7 21 
Lead azilk [6 10 0.2 18 35. 1 13 

SI'('oll//"r y (' \;f'/mkl'.~ 
Nitrol! l y~ri nc 6194 0.740 458.4 111 
EG I) N 6658 0.137 490.7 18 2 
PETN 5794 0.780 451.9 167 
RDX SOJ6 0.908 4 57.3 16' 
H M X 50 10 0.908 4 54.9 168 
Nitrogu<lnidinc 24 71 1.077 266.1 99 
Picric acid 3250 0.831 270.1 100 
Telryl 4334 0.820 , 355.4 132 
TA '!IJ 3496 0.78 1 211 0 10 1 
II NS 39<12 0.747 ' 294.5 109 
T NT 4<176 11' ,0.740 , 33 1.2 "' , ' 

liberated by the explosion will raise the temperatu re of Ihe gases, 
wif~ in tu rn ca use then~ to e~ rand .I!nd ¥:,ork OIi, the surroundings to 
a 'lift {llld heave effect . The eITed o t ih ls heal energy on lire gas 
used to calcul a te the tempera tu re of explosion. 

The tempera ture of ex plosion ' T. is the max imum ''' '''''''{U,-o 
the explosion prod ucts lean a tta iti 'und er adiaba tic '~:'~~;:~::~ 
ass umed thaI the ex plosive al an initia l tem peratu re T. is 
gaseous products which a re a lso at the initial tempera ture 
temperature of these gaseous prod ucts is then raised to T~ by the 
explosio n Q. Therefore Ihe va lue bf T. wjll depend on the va lue 
o n the separa te molar heat capacities of the gaseous products as 
in EqulI tio n 5. 14 , where C. is the molar heat capaci ties of the 
constan t volume and L represents the summa tion of the heat 
in tegra ls correspond ing to the separate components of the gas 

T he rise in tem pera ture of the gases is calculated by di viding 
gene ra ted Q hy Ihe meiln mola r heat capaci ty of the gases a t 
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;:r,:.me Le. as show n in Eq uation 5. r 5. where I ; is the in iti:d tempera -

T - Q -' - U-l 7, , (5. r 5) 

Unfort una tel y, the heal cap:lc l l l e~ of II I ,. 
temperat ure III tl nOII . li,le'll m 'lllnc J c

I 
g,lseo us rrndl lc t ~ \ ar)' Wlll t 

betwee n temperature <l lld' C :11 r .I ~ t I Jcre IS 11 \) Sllilple ' ci:ltill ll '\hip 
g',,()US products:1I Va ri OUS 'te rn Ie ~Je.H1 mola r hea l ca P:lCll ic'\ n r S(l llJe 

Usi ng ti llS illfonll1l110 11 Ihe 1,. 00" ""bt u res 'd" 'b presented 1/1 Ta ble 5. J 5 

~~~~;~:',u:,~: ..... I e lale )' .. n ex pl - -Cel lt be cal I' d T 'OSi(11l ill va rrou~ 
. CII .He . can thcn be d i d 

I represcntal io l/ o f T \ ' ~ . e ellllrne f f (l m a 
heat tiber lied Q d .. CI StlS Q.,J s Sh OWlllll l lrc c x,un p lc bel ow 

. • ur IIlg lUI ex p lOSlOlI o f I' D X -
to be 111 8 kJ mol l ' \ was c:dcula led 

. of I mol o f the IlaSe(l l1 ~ p;:II(II~ I~~~a;r::l l\ht~:~ il;~~~: 10 ra ise I!,C l e lll~ra 
I fi nal tempera lure T L . It, t/l crnpc l ' IIt1 IC 7 1 II' 

. ' c[ U ~ , ISS LlIIl C Ihal the temperatu re o(thc 

A1"'m! "'''/Ilf /11'(1/ f .. 
(If'{Ir'''('.~ ,II n mq"l11 r""/lII", J 1110 1 I K 

CO 11 20 II , N, 
45.371 25.0J7 34 459 
45.744 25.204 22 7112 246'JII 
46.087 

34.94 5 22966 241166 25.359 
46.409 

35.4 JJ 23 14G 15025 25.50(j 35865 
46.710 25.640 23322 25 175 
<lG.99 I 3G.292 2.1.4<)3 253 t7 25.769 36.706 4 7.258 25895 37 104 

23665 25.45 1 
4 7.509 26.01 2 37 4,115 

23,11 12 255/1 1 
4 7.744 21995 25.70.1 26. 12 1 37849 24. t54 4 7.965 26.22 1 38.200 25820 
48.175 26.31 7 38.535 

24.309 25.928 
48.375 26.409 38.86 r 

14 260 26.029 
48. 568 26.502 J9 17 / 

24 606 26. I 29 
48.748 26.5/19 39.472 

24 748 26225 
48.924 26.669 39.76 1 

24886 26.1 17 
49.091 26.744 25.U25 26.4() 1 
49.250 

40.0J 7 25 158 26 48 1 26.8 19 40305 
49.40 1 25.248 26560 2689 1 40.560 25 405 49.546 26.962 26635 
49.690 

40.974 25 527 26.707 27.029 4/ 04 5 
49.823 27.09 1 

256<14 2[' 778 
50.430 

41 27 1 25757 16.S45 27..172 4 2.100 
50.949 27.623 

26.296 27. I 54 4.1 1 J7 2(,.769 27. 1'}7 
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explosion T. equals 3500 K and the initial temperature eq uals 300 K. 

The heal libera ted by the explosion of RDX at a temperature of 3500 K 

is Cillculated rrom the mean mola r heat capacities of the gaseous prod

ucts at 3500 K as shown in Equation 5.16: 

Mean molar hent capacities at 3500 K, using Table 5.15: 

CO = 26.744 J mol - lK - 1 

1-1;0 = 40.03 7 J mol - 1K - 1 

N l ... 26.481 J 11101- I K - 1 

Ileat liberated by the explosion of 
RDX a13500 K = Q ) SOO K = (ICy) x (T. - T1) : 

Q BOO " = [(3 x 26.744) + (3 x 40.037) + (3 )( 26.481)] x (3500 - }OO) , 

QJ ."U K = 8953 15 J 1110 1- I 

Q Bon K = 895.3 kJ 11101 - 1 , 

The calculated va lue of Quoo K is 895,3 kJ mol - I which is too low 

the hea l liberated during an ex plosion of RDX is a lready kn own 

1118 kJ mol - I , T he refore, the temperatu re of explosion must be 

Lei us now assume thai T. eq uals 4500 K. Ihe hea l liberated 

explo sio n of RDX at this higher temperature is calculaled 10 be 

kJ 11101- I as shown in Eq uation 5. 17: 

Mean mola r heat capacities at ~500 K: 

CO = 27.372 J mol - I K- 1 

H 20 = 42.300 J lll ol - 1 K- 1 

N2 = 27.154J rno l - 1 K - 1 ' "./ , 
Heat liberated by explosion or RDX at 4500 K : .-

Q",", ~ [(3 x 27.372) + (J x 42,3(0) + (3 x 27,154)] x (4500 -

Q4 S00 K = I 220007.6J mol - I 

Q4 300 K = 1220.0 kJ mol - I 

This va lue o f Q4 S00 K is too high since the heat liberated 

ex pl nsirHl o f RDX is 1118 kJ mol - I, By calcula ling the ,.,,1 lesPI 

Ik~l LI~13rC'd {kJ) 

12()() 

Q r: I r 18 kl 1110 / ' r---------~/ 
r I ()(} . 

1000 

T, -= 4255 K 

] 500 4000 
r . 4500 

c:rllpt'I .1 h uC' or E lplu\IUI1 ( K ) 

C{/ICIIIII/('/Il 'tll"f.'~ oj " elll hllf" 1 ' 1 
C'X/JhJ5iuli T. jill' Rl)X 'II ( f) (If 1m w,,~ If mp(",""r('t"f 

temperat ures of T. a graph C. III b, 1 . . 
Tccanbe obla inedassho,,', ' F c( r,m l1 ,llld lhcc(lI ICl'l llI luc 

I 1111 IgUlc .'i6 
, [Ie g raph plo l!{'d ill Fl jWI C <; (i II! ' 

p,Ie";''''l for nux is (oulld III he - 4L~5 ~ .I ' lll1 e fn l rhe 11'IIl PCI:lJI Hc,nf 

fH IXEO EX!'I OS '. 
, ~ I Vf, CU I\JI'OSI nON S 

explosi ve a nd P' II ' 
ope ani composi ti o ns' . , 

so as to 0ptlJlI lZe the.., (;O nlllll) a rJll xtlll e o r eo lll _ 
• per o rmal)cc S) f / 

COil tribute 10 thc heal lb . {lIIe 0 I Ie COIIIPOll ents 

Th 
• I cr,licd an(/ Ill ll ' 

, ese malena/s Inay II } 110 t evcn ('onl ain 
OWCI'cr eOll!r b t / 

reduce the actual tcmper I' I U e to I Ie gaseo us prod . 

or burning of lilt' PIO 1'1 ' lIres o !Jtalllcd on det ona tlOll of Ihc 

e ' pc .1Il!. An example ,r I ' , 
omposlilOlllS o lle wi . I ' t II yprcaJ 11Jl xed 

the hca t of CX Pl osl~"~ 1;(~:~~lJ~S 60 % R, D~ find 40% T NT, 

Ihe va lues ofQalld Vr. I · cc n . ~ptlllll 7Cd . In o rder to 
'"reli"on or I II ~ compOSll 101I tI 
~ ' I ro r deco mpos ition need to bc d Ie ~xygcn bnl'H!ce 

can be c.dcuhtcd II . ctermmCd. But even 

b • Ie ;rt OIIllC coml' ' , ' r 
e established. OS I 10 11 0 the 11lhtn re 

Atomic Composition or the ["p losh e 1\ lixture 

, Ff? t thc a tomic composi tion of CiOo/, RI _, 
In Igure 5.7. I) )X/40 % I N I ar c 

calcUlations o f the Il t ' .. 
10 be C " mlllc nlH1 p(I~ 1I 10 Jl the cmpiric:" fOJ. 

( 011).1 (!"~<ONll "2 1' ()""l(,'" 

" 
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O'(JJ:CII Balancf.' 

The oxygen ua/:lIlce ca n !I{lW be calcularet.l as ~holY n ill Eq llali(lIl 5. 18: 

t ,l - flo) - Ih/ 2Jj }( 1600 11 = __ __ __ _ 

,II 

n = LO.0268 - I~x O~.:.J~ 025()@L~~-,,()u = 41 
I (5 1 ~) 

For binary llli .~1 urc~ the calcu lated \;11 ue of U is dircclly proPOrl;o u:1/ 

to the a m a Ulll o f c:l('11 COIt1POllcll l and their individual U va lues as 
shown in Equa tio n 5.19. 

!} = Q I/I I f/ 

D = ( -1 1.6 x 0.6) I (I 

n ", 42 

Id 0 2 

0.6'/ - 7.') 

(5. 19) 

n r a nu.!; at c I he (I .~ Y!lCIl IJ:I/:U1 CC a ud l1la ~s o f lite lirs ! t.:(1IllPI1Ilcnl 

RDX,. respeclin:ly, allli OJ is the O:<,H!l' 11 "a/ance I.r the ~Ct'O ll tl 
~ml"'n'",. (i.€'. T N1} 

IJC(,U llt!,usiriu ll Ucac riull 

reaction fo r the UCCOIllPOsiliolJ pl odul· t ~ (I f thc lI1 i.,cd c .x plo~ . \'c 
~P'O'illio " ca n be determined by ,lpplYlrIg the llIodified K;qia_ 

.. I" -, W'il,o" rules as showlI ill Table .5. I 6. 

ovcrall reactio n for the decompositio n 0(60% R OX/40% T N r I ~ 
l Rea ction 5. I I. 

~H" "~",., .. ,,,t}. ,,,. ~ O.fJI4JCO + lI.unfilC + 1'.11125 11 , 0 + n.fJ 1U75N
z 

DecompmifiO/l f!/'od/lrt~ ,,(6U"1. fll) X 14(J "~ TN T IISil ,y lit" 
K istitl/(/lU f/(y lJ 'II.{Ol/ II/I.'_f 

I~. II ) 

i-lydrogcll a toms arc CO I1 \cflcd 10 \\:1 In 

Ir a ny rcmains (hen « Irho n is 

; ,:~~i:~;:r~'io::,:,~:;,~bo':': 1II0IIOl(il1c I rcmai,,~ tllcn ca rbo rr 
to c:lrbolJ rlio.,jdc 

the njlro~cn IS C(>r1lcrtcd IUllrlrl',!!l'Il 
. N, 

Prmhll'/s 

(W1SCl II oO fJ 115 11! O 

Il 0 14 1 0 - 0 11.0/41 CO 
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Heat of Explosion 
The heat of explosion for the mixed explosive compositio n can noW be calcul ated from the heat offormation ror the explosive components and the heat of formatio n for its products as shown ;n Figure 5.8. Using the diagra11l in Figure 5.8 the hea t o f deto natio n for 60% RDX/ 40% T NT ca n be calculated as shown in Equa tion 5,20: 

Mid = 6 11 z - 6 H t 
6 I1

r
lRD X) = +62.0 kJ '"01-

1 

6//r(TNT) = _ 26 kJ mol-
t 

.6.lI
r
(CO) = _ 110.0 kJ ,"01- t 

.6. H,( 11
1
0

tl
)) = - 242.0 kJ m o\-I 

.6. 1-1
1 

= 61 1, (Co o2o~ ll o ,02,oN o .02 \, 0 0.0168) 
61 11 "" (0.0021 x M lr(RDX)] + (0.00176 x M-I,(TNT)] 
.6.11 t == [0.0027 x (+ 62)] + [0.00176 x ( - 26)] = + 0.122 kJ 
All z = [0.0143 x 6 Ur(CO)] + (0.0125 x M-I,(HzOr, ))) 
.6.1-1

1 

== [0.0143 x ( _ 110.0)] + [0.0125 x ( _ 2.42.0» - _ 4.598 kJ 
Mid = 611 1 _ 61-1 t = _ 4.59& - {+ O.l22):5 - 4.72 kJ 

The calculated value for the heat o f detonatio n fo r I g of RDX/40% TNT is _ 4.72 kJ . The heat of explosio n Q is calculated 4720 kJ kg - t as show n in Equation 5.2 1 where M is 1 g: 

Q = Mi d X 1000 = - 4.12 x 1000 = _ 4720 kJ kg - I 
M ' 

O.0204C + 0.0125111 + O.0I1SN1 + 0.01340, 
Fi~ure- S.8 EutIUl/PY of IItl on(llJon for 0 11 t :(p/ositH! mi.'(/urt (on//lining 

RVX (IIul 40°/. TNT 

9J 

Volume of Gaseous ('ruducls 
T he volume of the ga scous products I' b - . the mixed explosivc compo,;" . , I e~atcd d Ul"ln g an ex plosio n by . Io n at stp C'IIl bc C' I I , equallo n fo r explosion tiS show, . " .' ,I Cli ale( fro lll thc 1111 ~elH; l lon 5. 12. 

• 1 + iUII075N z 
CUro.lH~.mIlN •. umOn.Plr.x -+ O.OI43CO + O.006 IC + 0 11 12511 U 

(5. 12) 

From Rca t" 5 '2 .CIOIl. itl'a nbc sccnlhal() OJ75'i . from 1 g o f m ixed ex pl os i\c com .. '. ' llIol of gas IS produced ~.&41 dm 3 g _ \ a s ShOWl1 ill l : qU~t~~~:I~I;'2~\ hldl w\ll occupy a volum e uf 

I g of ga seo us product COll t;lill <; 0.03755 11101 

g of gas eo 115 product will Ol:cup)' 22.4 x 0.\13 755 = O.S41 dill ) P. I 

15.22) 

mixed ex pl (lsivc . . . 'NT 1'h ,,, .,'r~-n I . ({lIIIP(1<;l tlOtl l:lI llt ! l iliing. (.0° ' IU))( . I I I IOI sOI Qvalucuf4720kJk 1 .\ ,. 'a , \\111 '10% powe r indcx cq ual In 147 % g .• I v,duc ofU.84 1 dnr' g , 

EN ERG IZE U EX I'I.OS IVES 
of explosio n Q can be ;I1CfC'lscd b . P;~::::':~ ,anoth er fuel which hOi . I ' I Y ;I!JdLII g. In thc CX plll~i\c ~I I be fou nd w ' I . • s a IIg 1 heat of com bustill ll 6/1 in Table 5. 17. It 1 the hghter c le men ts ort he period ic table a~~ 

has the highest heat of combustiOl r . by boro n and aluminium AI .. . 10 the solid elcment" element. and is used to i . . UlIlI,"urn IS a relatively cheap ami . . IIc rcase t IC pcrfo nna r II sueh ns alumini 7cd .\ 11 . . ,nce 0 explosive , I 11I 0 lllUlli mlrale a nd alurninill-d 
Ileals of rmn/nu/rflll of ~llIIlt'liolrt e/,.m('rII~ 

n ,.l"ti!'., MI. M I. ntomif IIWH / kl mol jkJ g 

9.0 - 601.! - 66.9 10.8 -635.0 - 58_8 
6.9 - 2919 - 42.6 27.0 -834} -30.9 24 J - 6026 - 24.R 32. 1 - 2953 - 92 65.4 -35-' 2 - 54 
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TNT. Aluminium is also used in some commercial blasting explosives. 

particularly in water- based slu rry explosives. which contain a high 

percen tage of ammonium nitrate. 

Addition of Aluminium 

The oxidation of a lumin ium is hi gh ly ex othermic producing - 1590 

as shown in Reacti on 5.13. 

M I . = - 1590 kJ 

In 1111 explosive composition the aluminium reacts wi th the S""O,"J 

produets particularly in ox.ygen -deficient com positions whcre no 

oxygen exists as sh owll in Reaction 5. 14. 

M I. = - 741 kJ 

llJI . = -866 kJ 

1' •• 

JCO(II + 2AI\.J -+ 3e(.) + AIJO)(.I 

The volume of gas does not change in the fir s I two ",,,,ioltS:'J: 

moles ..... 3 moles. Consequentl y. Ihe increase in Ihe out put of heat 

.he oxida tion of alumin ium p(0longs1the presence of high 

This elTect is utilized in ex.plosive compositiOns fo r airblas ts, j 

heaving, or la rge underwater bubbles. However, there is a limit 

amount of a luminium thai can be added to an ex plosive com 

shown in Table 5.18. 
The heat of ex plosion Q increases with an increase in the 

alumi nium but Ihe gas volume V decreases, resulting in 

Q x V reaching a maximum value of 38 1 x 10 - · at 18% 

The same efTecl can be observed' fo r other explosive ,oml'" 

Tahlc 5.18 Effecr of lhe oddilion of Illumillium 0/1 lite ileol of f'xp/osio/l 

!lo/ume ofg(Jseou$ produclsfor TNT/AI. nlese oo/ues IttlL'e 

IJ/Jluilreti experimelllol/J: I 

Aiumillilllll/"!. weight QJkJ kg- I' V/dmJ g- I 

0 4226 0.7 50 

9 .5 188 0.693 

18 6485 0.586 

" 7280 0.474 

31 7657 0.375 
40 8452 0.261 

J lIermOCh<'lllis/rl ' oj E \111,,~I1" '~ 

COll,taining a luminiulll . where a m:u:illlttlll 
ach ieved by adding 18-25" " '. 1':lIuc for the p(llleT call be 

1 0,1 lIlIlIlIWtll . 

. FORCE ANU l' nESSU Il E UF ,,; XPI..OSION 

chapter has so f.lf described the tp" • 

a chemical expro~i[)n tak c~ pl' " _/il! ChCIIIIClI! cnCf!!)' rclcasc<.l 

orkincliccnergY'llldhc_1I . ,H':C. m energy I~ fcJca~cd illihe 

d '. ulcra IcrY<;/1II1"1 lime ' . 
a e romuiug cx ,Jlo<;ivc '1 ~ ",,,, ,, . • r.('. It1JCfo~ecnltd~ . 

~!'i"i'on ' ~ -,,- fm Ule wave IS cst · I r I I 

I I by ~1~!n:.,i~';~e:.:~;:I~L~~ ,',I,lIgh I~IC Itl cd wm ,;~ ;/:~ ~:n;~~::,~.n~::~~ 
. 0 POSltl" 1l ,.f thc exp! . . 
II. n reaching the pcriph ' fl ' OSl ve rn;ttclI:r! he· 

wavc passes int o tllc c ry o,~ Ie cX pl':SH'C l1Ialcri<1/lhc dCI(lJl _ 
. . SUII OuIIllllg melilum " d 

, lntellSC prcss ure '. ! . ' , II cxert~ 011 II a 

is a solid. i.t,. "l~~~I,':,"',CJH 1(1 ,a \Il:'clumeclwllical h/nw. /f. hc 
. S ('nc. I IC llOlc li' II ' ." '" 

mult Iple cr'lck s I ) f ' I Ct.: I.tIl't.::r hlol\' \\;11 
. .' {orlll HI Ihc rod I his 'n; . k 

wlllch IS dircclI} rcl:lI ed Ip Ih' I' .c ect r<; 1101\ 11 :I~ 
frollt. e (Crollal l(lll press ure i" lhe 

hasll1ovcdflw ',y frolllll " . 
products hegm II' ex,)f1.;' , leexp 1'<; lvceompllsl tit.1l 

1\ ' ( ali t al" unUIt rhe s " 
craler will he fWllled if II,. . urrouII( IIIg 

formed and in "" ' I b" lol ~c IIl
d
el lUll! I~ e:1I th, ill WOller a gas 

, , ' .' W,I\t.: evel TI ' 
eXpanSIOn will depcud UPOt t I ops. Ie "HellSi. y of Ihe 

I Ie flOWe t (Q )( V ) o lt ite nplo_ 

force exerted by these gases 0 11 III . 
frOIl1 Equ:nio n 5 23 w' F ' elf ~UIfOlilldtng~ ca ll he c;r/-

. , lere ' I ~ the fl' r " . , 
produced pergmlll of ex , . " n. IItS IIC l1Ulllher (If 

" 

'Ptl~I\"(' ll~thclII\' I ' " 
leICmper:llu rcofex l""o ', . • ' , .' , l gasl"PlIs'anl 

. , U II 111 C 1' 111 

r O;-IIR]" 
< (5.2-') 

Gas Law at ideal e~lJ1dit io ll s. 

f'. f '. = IIRr , < 15.24) 

is the pressure of Ille ga ses at the tell • 
initial volume ocellJ, i db " Ipcr;t~tI,.e {)fexpJos i oll;llId 
h e} tIe exploslI'c 111 ' I .'. I I 

b
t e press urcs are so high tll"t the Ide'I/ 'Crt L , I ell," s. 11 lilt 

ytheadditiull ufaco_vo/ urn . " .': aws t:ll c!tl be 
e o: .. IS ~ HIW II iii r:qwllioll ."i.25. 

1'.1" ; :r j - lIlil' 
o 
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(he surrounding medium depends upon Therefore, (he force exerted on I ' n and the initial and co-volume the temperature and p~essureor exp 0510 
of the explosive matenals. 

Chapter 6 

Equilibria and Kinetics of Explosive 
Reactions 

The therm ochemistry of ex pl osive cOlllpositiu ll ~ IJ;ls beeu di ~cusscu in in Chapter 5. The Kistiakow~k}' - Wilstl n and Ihe Spri ng.<lll ~~;~~'~~::":",:I ~'~'n'b.Olh give an rlpprOxirnl1te esti mate for the prnd lld~ (If ~ i i which is indepenuent uf the tempe rature o f explosion. formulae and calculations for uele rlnining the heal of explo~i(ln ' . ,,"""" that Ihe explo~ive rea ction!> ~w t tl lo lrll comple lioll. Il o\\,· in prac tice the reactions do nol go to co mpletio n and a n equilibis sel up belween the reac lants and the prod ucls. This eqllilibriulll dependent upon the temperature of the ex pl osio n T~. 

EQU ILIBRIA 
chemical explosive reaction many equilibria lak e place. These ~!t";'"''d"pc'''d''''' on the oxygcn bala nce of t he system. Th e 111051 equilibria a re presented in Rea ction 6.1. 

leo -====-= c + COl 

16. 1) 

equation in Reactio n 6.1 o nly becomes imporl,ull as thc !,b,al,,,,,e decreases and the quantity of carbon mo nox ide and in the product s begins to increasc. All threc equilibria arc r', u",·d!'pen, de,n'.andlire equilibrium p05ili(1I1 wi ll move 10 fareactants or producls depending 011 the lell1 peratlll c gCIICTfl lcd 
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I'rotlucts or Dtcompo.sltion 

/ \ 
Ttmllrrature or EJll losion ~.--- ileal or Explosion 

Fi~urc 6.1 CJ't It' lif !it'/aml/whlt! p(mlllzetas /or equilibrium relicti/ills 

In order 10 del ermine the products of decompositi on for an equilib
rium reliction the temperature of expl osio n T. is requi red. T. ca n be 
calculated frOIll the heal ofcxplosion Q which in turn depends upon the 
produc ts of deco mposition as shown in Figure 6. 1. 

In order to de termi ne the products of decompositi on for eq uilibri um 
reactions the Ki stiakowsky- Wilson or the Springa ll Ro berts rules ca n 
be applied as a starting point. From the products of decomposition the 

heal and temperature of explosion cdn Ihen be calcu lated. T· II ~"'~~~~~,~;~~.; 
lure ofexplosio ll ca n then be used to calcu late the prod ucts u 
si tioll. In practice, this process is repeated hlany times until there 
agreemen t between the answers obta ined : Equ ilibria of complex 
lio ns and of multi-componen t sys tems are today oblained by co,~p' ul<;f 
however, the nbi lity to use tabulated data is useful in predicting 
direction and ex tent of tile reaction , . 

The example below will evaluate the products of d~~~,~~;~::::~~i 
temperature of ex plosion and heat of explosion for RDX a t 
conditi ons, 

Products of Decomposition 

As a sta rli ng point the decomposition products for RDX ,~. n',,· 
are calcu lated from the Kist i akowsky-\~ilson rules (0 = 
shown in Reaction 6,2, 

, 
C)H,N,O, -. )CO + 31110 + 3NJ 

The complete decomposition of RDX ,does 1I0t a~~~;;Ir.) :~;~~~ 
because there is not suffi cient oxygen in the RDX molecule 
oxidat ion of the reactants, Instead, the products compete for 
able oxygen and various equ ilibHuittt~actions a re set up, 
important or these eq uilibrium reactions is the water- gas I 
shown in Reac tio n 6.3. 

Equilibria (wd K lIIetin ,,/ I; \/'/Olil '(' U,'(/, 't'OIl' 

TIle WUler- Gas F:fluilihrill llJ 

The waier- o'ls e( ' 1'1 ' , , e' lUI I J/lIIHI IS presen t nol • I ' I ' , 
RDX bUlln lI1.1n ) other ch"', ''' I' I ,( 11 Y 111, I Ie dCCOJllPOSJl lllJl u f 
r 1. Il.I n:p OS,IC rC'I '1 'II 

O llie reaclion will Illmc Ihec 1'1 '" ,C lOllS, Ie lempcratu re 
in the tempera lu re tlf the ,.c,,',I',1I I Jl1II,11'11 Itllhe I~ft (I(' right An innease 

, Ion 1\1 I C'> ttll t 1 ' 1 . more successful in COlnl)cli l'" r ' I lt Ilt l(lgCII hccollling 
I ~ 01 11C O\)"en IVI! ··, , I ures ca rbon is "'0" ' f' Ie-' eIC, ts.1I 0\\' lell1 lX'I'I_ 

~ UCCCSS u ' 
The lolal am{lUnl of cncrgy ;iheralcd i ' '" ' 

Ihewa ler- gase<lltilibriun, Ic • I .f the he,ll t'{elpll'SIOII Q in 
.1 PCIII S UPlllllhc rc!'I ' 

reactants (ca rho n dio,,', lc', II I .1 Ive prOptl lllt ltlS ,.frlll' 
. ' • III I}I rugen) t II I 

OX Ide and Wllter) This ."'" I., r . \I Ie prO!, uc l ~ Inti h\' n 111\'11. 
r ' ' . .. , <;een 111111 " (111' t' r I 
annatlo n ror e'l rbon r ' 1-. ' , I lOti 0, where 1I1 e 11l':11 ,.1 

I I('Xlt e enllls mOle CII ' I II I 
rn onox idcand wn tcr: ' e!l} Ian I tat fOI t':trhtll] 

,Ali ,(C(),)= - :19J,7 kJ mol I 

L\ II ,(J 11° (0,' '''' I J tl.U t 242,!J - 1'2 11 ' J 
,,' , r.; 111 \1 1 I If., J) 

Ihe o lher h;ltld, the hea t ca pacities ,f ' 'b ' 
Ihan those f(lr cal hon di ' I ' ' (.11 O1l 11l 01l(Jx uJc Ilttd w.t ler 

OX lt c ,wd h..ldrogelt as shown ill Tahle 

I , the SIll:I /I a ' 1101l 111 ,. r hC'lI • . 
mOllo ,~jdcllnd \~'IIC r l1I ' I Y ' ; ,Bencr,l rcd h)' Ihe {OIlIlII linn 

• , Ies u 1111 :,Ia lgc 1111HlUllt t,fhe,llo{ 

Ilea I of lXlllosi(l1l 

,order to calcul;lIC the hCllt o{ cx plm iol1 fo r ' ", 
t 4U<lllliticso{t'<l rborrdi ' HDX ,II cqutbhnllll1 

tJsl bedetcrrnined These.' be tJxlde,clllbonIl10110 ,~ide;IIlJ 
. C.ln cOl/cu l.1 lcd from Ihe c(ju i j ibriulIl 

CUlUpari.wJII It} rll(' meml m(}lar I!('", . 'a '(lfi 
"ydrogel!, (Uld flirt,,//) IUUlII) ¥ ,' f f I 11" ,t Jill' c(/fhml dill rllll' ,)1111 

68,153 
70,656 
72.435 
74,249 
75.580 
76,726 
77 718 

,11'mll lI'tI/(', 

' K ' 

59496 
62475 
64851 
66 781 
(i8.\61 
69671 
707MI 
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cOlls ta nt. The equ ilibrium constant K L for the water- gas equili bri um is 

gi ven ill Equatio n 6.2. where the terms in the square brackets [] a re the 

concentra tions in mol dm - 3. 

[CO] [H, O] 
K, = [CO,] [ 11 ,] 

(6.2) 

Oy using the ge neral form ula of an explosive CoH&N,O" the cO lleen

Inlliolls for Ihe reactan ts and products ca n be determined. For the 

reaction in volving RDX, carbo n will react to fo rm ca rbon monoxide 

and ca rbo n di oxid e, hydrogen will react to form hydrogen gas a nd 

wa ler, nitrogen will react to form nitrogen gas, and oxygen will combine 

wilh o the r elemen ts ill the ex pl osive compositi on to form ca rbo n mOIl

ox ide, carbon dioxide and water as shown in Reaction 6.4. 

C. II~N<O" ~ "I CO I + " IBID + II ~N2 + " .CO + 115111 

The values fo r the te rms a, b. c and d inlhe renclanl can bede l";m;nc~ · 

from the sloichio lTlctric equalions involving the number of molcs, i.e, 

"1' " J' eIC., fo r the prod lIcts. The equilibrium cq uati on in tc rllls of 

II. Ulld I! ~ and Ihe stoichiometric equations a re presented in Eq,oo,;ory/: 
6,3 and 6.4, respectivel y. 

{/ = II , + II. (ca rbon-containing molecules) 

b = 2 11 2 + 211 S (hydrogcn-containing molecules) .. 
(nit rogen-co ntaining molecules) , 

d = 2 11 , + 111 + ". (oxygen-colltaining molecules) 

" "" 
The fo rmulae shown in Equation .6.4 can be rearranged in terms 

fl l ' " . and lis as shown in Eq uation 6,5, 
f 

11.=0-"1 

"1 = d - 2 11 1 - ". 

Su bstituting fo r II. gives ,11 = d - a - II I 

liS = b/ 2 - "I 
Eli minat ion of"l gives /I S = bt2 - d + a + "\ 

EqUilibria mid K ill('f;n -1 E I 
. • 'P "~i , '(' Rt'''CI'tllI.~ 
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The eq ua tion fo r the "' b . 
b d eq Ui I rrulIl (;a l] Il(; nnw b' . . 
,an d as shown in Eq ua lion 6.6. C Wri tten III tCriliS of "I' (I, 

k'J = fo - II,Kf/ -. (/ - lid 
{lIrJ(h/ 2 - " -I (~ 

The va lue of K I incrcases wilh tern , _, 

(6.6) 

~h.c r~fore. the rroducls on Ix.:!, lI ure as ~h?wlI in ralllc 6.2. 

eqUlhbnum will incrense <IS the t ~I,:~ ;:~h t' ha J ~d SIde {I f the \\:lIcr ga~ 
temperature of exp/OSi(11I T :::: 400b , tUl e fl seo;. If we a~SU I II C Iha t the 

9.208, Oy su bsti tut ing the vaiut:S r; KK. thcll tIle va luc of K! hccolllcs 
concentration of CO (;" " h'C .. I ' l;~ I' fl. II allll ,/ill t(. r qlta lioll 6.6I h · 

, 1 C, I (; 11 ,ti ed a~ S I IOWII in Fq ualion 6 7, II' hcr~ 

n/f' 111-(>(,1111""" , "J /h" (',(",lillI ',/11 
'1'(1/1'1"' B(U n'II/'Ii"" " "".~I _ "" /II, /('/11(""'''/111 "/"1" Ih" 

J 15-l 
I,S}!,' 

-l_U().l 

4.4 11 
480J 
S. I 77 
5.5JJ 
5.810 
6. 188 
6.488 
6_769 
?OJJ 
7.219 
7."" 
7,723 
7.923 
8 11 2 
8290 
8.4S5 
8606 
8.744 
8.872 
8.994 
9_ 107 
9.20S 
9.6.12 
9902 
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the values of ('. band d for RDX (C]H6N606) a re 3. 6 and 6, respec

tivel y. 

9.208 = (3 - ",)(6 - 3 - "a 
(11,)(6/ 2 6 + 3 + "1) 

IS - 9 - 311, - 6" 1 + 3/1 1 + ", 2 

9.208 = 2 

", 
9 - 6", + Il,l 

9.208 = 2 

", 
9.20SII,2 - 9 + 611, - 1/ 1

2 = 0 

8.20Bl1,! + 611 1 - 9 = 0 

"I = 0.7436 or - 1.4764 

The quadratic equation results in two values fQr the co nccntra tion 

o ne or which is negative and can be ignored. The concentrations 

o lher compou nds can now be determined by substituting the 

II, as shown in Equation 6.8. I 1 

". = 3 - 0.7436 = 2.2564 = [CO] 

I I I = 6 - 3 - 0.7436 to 2.2564 == [H 20] 

II ~ ~ 3 - 6 + 3 + 0.7436 = 0.7436 = [HI] 

Using the val ues calculated in EqUAtion 6.8 the value or K I 

obtained, as shown in Equation 6.9. 

K = 2.2.564 x 2.2564 = 9.20775 

, 0.7436 x 0.7436 

This va lue compares well with the value of 9.208 used in 

calcu lati ons. 

The overa ll equation fo r the detonati on of RDX a t 4000 

eq uil ibrium cond itions is given in Reaction 6.5. 

In order to calculate the heat of explosion Q for RDX 

detonation must first bc determincd usi ng Hess's Law as 

Figure (, 2. 

Equilibria /IIu/ I( mC'li, , "I I ,,,,,,~,., ., . I' . 
. ,.. ",'Cllfl/I< 

C " N () ,, /It! 
J 6~~ 

__ 

jC+-jIJ1+-jN,+JO 

F ' 
- 2 

Igurl' 6.2 E/Ilhalpy "I '/(' I<IIIIII'''''jilr RIJ r 

II f' 5j '.~ III... . ,mdt',. 1'11"''''''';1111/ 1"/"'''11 ""'.< II .<;/1// 

I OJ 

Using the diagram in F igu re 6 2 II. . 

under equilibriullI cO lld ·, . Ie he.1I o r del o na/HlIl lo r RDX 

I IOn" ca ll be calcuhuc I . I . ' 

• • 

< l .1" S 1(lwn In FqUl1l1 0 11 

~n""U~J = -f 62.0 kJ 11101 1 

(COl) = - J9J. 7 kJ 111 1'1 I 

= - 110.0 kJ In ol I 

= - 242.0 kJ mul 

Ill-I , =/l /l, (RDX)- -I 61.0kJl11ul ' 

[(~';;3646 x M fdl'O}J I t 2.256,1 x M{ (II 0 )/ 

. x 6.1I,(COz)J ! 1 'II 

(2.2564 )C (- 11 0.0)] I- [2.2564 x: I 

(0.7436 x ( _ J9 J.7J1 241_011 

-1087.0 kJ 11101 I 

6./-11-6.11 , = - IU87.0 - (+62.0) =0 

- 1149.0kJlIlul' 

(6 10) 

of de ton ali 011 ror RDX is - 1149 kJ II 1 - I ' . 

to the heat of e~plosiOl' Q I ~ l l . Ilus \'ahle call be 

• m' ol,,, as ~ JOwn 111 Eq ,. 6 

.j IIJassofRDX. . ua 10/1 .1 1,where 
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the Kislia kows ky- Wil soll approach (5036 kJ kg - I) which assu mes thaI 

the reaction goes \ 0 completion. 

Temperat ure of Explosion 

In cnJcuia ting the hea l of ex pl osion we assumed that the temperature of 

explosion T. was 4000 K. If this assumption was correct then the hea l 

liberated by the explosion at 4000 K shou ld equal 1149 kJ mo/- I. The 

calculated value for the hea t libera ted, where the initial temperature is 

tak en as 300 K, is presented in Equation 6.12. The values fo r the Inean 

molar heal ca paci ties a l co nstant volume can be found in Table 5.15. 

Mean molar heat ca paci ties at 4000 K: 

CO = 27.091 J mol " K - ' 

H 2 0 "" 41.27 1 J 111 01- 1 K - ' 

CO 2 = 49.823 J 1lI 01- 1 K - 1 

II I = 25.757 J 111 01- 1 K - 1 

N 1 = 26.845 J mol - ' K - I 

Heat liberated by Ihe explosion of RDX al 

4000 K = Q4000 K = eEe.) x (T. - T,): 

Q .. ooo K = [(2.2564 x 27.09 1) + (2.2564 x 41.27 1) + (0.7436 x 

+ (0.7436 x 25.757) + (3 x 26.845)] x (4000 - 300) 

Q .. ooo I( = 1076656.7 J mol - I 

Q4 000K= 1017kJmol - 1 

". 
The calculatcd heat liberated a14000 K is 1077 kJ mol - I, which 

than the o riginal value of 1149 kJ mol -I: A higher 

explosion shou ld now be taken and the~cy.cle .~epeated , 

would lead to an answer o r 4255 K 

Similar calculalions can be carried ou t mixed e~,~:~';;~'(~~ 
propellants if the composite formula is kn own for the n 

of the wa ler- gas equilibrium will produce a result that is ' 

approxi mation 10 the experimentallY·derived figure ' than 

liakowsky- Wilso n and the Springall Roberts approaches. 

The mel hod used above fo r calculating the temperature 

ex pl osion for the water- gas equi librium can also be applied 

Equilibria alld Kinerit's of EXI'''1SI1~' R(!(IC /I OII.~ 
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equilibrium equations. Examples r , '" 
important during an e.~plos i . .0 ,such cqutl,bna which lIIay become 

\e fc.lellOIl a re presented in RC:ICliu ll 6.6. 

IhNj + COl - CO + NO 

2CO == C + CU~ 16.6) 

. . KINETI CS OF EXPLOSIVE IU: /\ CTIO NS 

Klnel/cs IS tiJestudy orlhe rate orch .• 
reactions can be Very ra I . ,mgc or dlclI1lc:11 reaelio ns 'r Itesc 

alion, those req Uiring a ~. 'P .. IIiSlan ~al1 eo\l'i 'eaC ll nllS such as t.!e ton_ 
. ,IV IIlllllltcs" e dl ssol v ' , . 

requiring several \\-cck s I lUg sug'lI III WOl ler. alltl 

rc~e;l;o"" I . I e. I Ie rUSIlrJg or Ir I 
tIe rate is very ras t ant.! is de n ' 0 11. II explOSive 

orthe rca clrulI, and olllhc co pc de~tI 0 11 Ihe tellJpemlurc and 
neeJltl .1 tlOl1 ur t he reactant s 

ACliia li ulI tllergy 

all explosive rcacthlll . cnerg is firs t . 
the temperatu re or the e, Y, • suppl ied rmm the initiator 
t' . P OSl ve So 111 '11 ig ' , ' 
lOrlnal/OIl Or/lOIS"" , . ' r" • II' lUll I<lkes place 

", Ie Clle rgy gel ' I db' 
the activa tion ellergy no rerJct' I c~a c y the hotspo ts is 

will gradually tl ie out "~ " I '. 1011 , will lake plilce alll' the 

'h 
' u" " 10W/I III Flg",e 6 1 

e o ther ha"d ,'r " " . 
, 1e energy ge ,- -, h 

t nera cu y the hotspots is gl'C:ll cr 

ActivatIon 
Energy 

ExPlOsive 
Reactants 

Free 
Energy 
Change 

PrOduc ts of 
hVlos ion 

( 

( 
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Aate 
(mot s~' ) 

Temperature (K) 

F igure 6.4 The 1'0"1'1' / fJI lem(H',aI W',. 011 lire rate of reac/irlll 

C/wpll'r 6 

than the act iva tio n energy the reaction will proceed fo rwa rd with the 

formation of the ex plosive products and the release of energy. The 

acti vation cnergy therefore represents an amount of energy which is ' 

required 10 take a starl ing materia l (i. e. an explosive compound at 

ambient tempera ture) and COil vert it to a reacti ve, higher-energy excited 

sla le. III this excited s tate, a reaction occurs to form the products with 

the li beration o f a considerable amo un t o f energy which is grea ter I t 

the energy o f a ctivat io n. 

The values for the acti vat ion energy can be used to measure 'h""'" 

wi th which an explosi ve composition will initiate, w)lere the la rger 

acti va tio n energy the more di ffi cu lt it will be to initiate the "pl,,,i • .;, 

compositio n. 

Rate or Reaction 

The rale o f tile rcaction is determined by the magnitude of the ,e' i,,'iol 

energy, and the temperature at which the reacti o n takes place. As 

temperature of the system is raised, a n "poncn, li,llll y-.",.,,, nom I,,,, 
molecules will possess the necessary energy o f activa tion. The rale 

reacti o n willthercrore increase accordingly in a n expo nentia l fashion 

the temperature rises, as illustra ted in F igure 6.4. 

The ra te of the reaction can be described using the ,,',e- ' eonp<,,",' 

rela tio nship, which is kn o wn as the Arrhenius equati o n, 6.13, 

k = Ae - E1R1· 

where k is a consl:lIlt fo r the ra le o f reactio n, A is a co nslant for a 

materia l, E ;s I he acti \'al iOIl energy in kJ mol - I, T is the ",np'"'''''' 
Kel vin and R ;5 the Uni\'ersaJ Gas cOllstan t, i.e. 8.314 J mo l - K

con~ ta nl A I ~ kn ow n ll~ Ihe frequency fa ctor or pre-exponential 

Eqllilibriflllllli K iI/I' li("< of I / 
'I' "~1I1' {{(""I I I,,,,, 

Tablc 6.3 V / fi 
~ lIe.s or TIl(' (/("", (1/1(111 (' III' r, r F I 

prlll/(Ir)· (lnd .<('CfI",{", .... ' ,.p/<I<:,.' . 11,11' .,,11, <it/II !fI("1 (II . 1\ fi 1/ 'flllIl' 

( <II "/mlres 

£.'1 plo.sil .... .sUb.flmlce 
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lUll Chapter 6 

lions by measu ring the rate of gas released from a sample of explosive al 
a se ries of co ntrolled tempera tures. 

Equation 6.14 shows the relationship be tween the rate of decompos i
tion and temperature, where V is the volume of gas evolved, T is the 
tempera tu re in °e. k is the reaction ra te constan t, and C is a constant ror 
the particul ar explosive. 

(6.14) 

For every lO oe increase in tempera ture, the rate of decomposition is 
approx im ately doubled, bu t may increase as much as 50 times if the 
explosi ve is in the molten slate. The rales of decomposi tion depend on 
the co ndition of storage and the presenFe of impurities which may ac t as 
ca ta lysts. For example, nitroglycerine and nitrocellul ose decompose al 
an accelera ted rate due to autocatalysiS, whereas the decomposit ion rate 
of TNT , picric acid and telryl can be r~uced by removing the impu rities 
which are usua lly less stable than the expi osive itself. Wit h many of the 
ex plosives the presence of moisture increases the rate of decompositio n. 

M EASUREMENT OF KINETIC PARAM ETERS 

The com mon methods of in vestigating the kinetics of explosive reac
tions are differential therm al ana lysis, thermogravimetric analysis and 
differential scanning ca lorimetry. 

D ifferential Thermal Analysis 
\ - . . 

Different ia l therma l analysis (OTA) involves heating (or coo ling) a test 
sample and an inert reference sample ,under identical cond itions and 
recording any temperature differenc~ which develops be tween them. 
Any physical or chemical change occurring to the test sample which 
in volves the evolu tion of heat will cause its temperature to rise tempo r
ari ly above tha t of the refe rence sample, thu s giving rise to an exother
mic pea k on a OTA pl ot. Conversely, a process which is accompanied 
by the absorptio n of heat will cause the temperature of the test sample to 
lag behind tha t of the reference materi~ I , lead ing to an endothermic 
peak. 

The degree of purity of an explosive can be determined from OTA 
plots. Co ntam inati on of the explosive will cause a reduction in the 
melting poin t. Consequen tly, the magnitude of the depression wi ll re
ncet the degree of contamination. A phase change o r reaction will give 

I()<} 

or 

'1'1 1'2 T.l "emperawfc T 

~i se to an cndothen nic or exothen nil: peak. and the area under the peak 
IS rela ted to the amount orheat evolved o r takell in . 

Fig~re 6.5 shows t~l ~ DT II I; /o t for the decomposi tion of all ex plosive 
~na~~flal. DeCOlllpOSJllon bcgms when the temperat ure T rC:lchcs the 
Ig~lI l1o l1 tem perulure of the explosive material resulti ng in ,Ill exother
mic peak . As the explosi \'e materia l decomposes it releases heat which is 
meas ~red 0 11 the DTA plot :ts a T(y-axis). a Tis proportiollllito Ihe rate 
a t wl~lch t~le expl ollive mate ri :rl decomposes; as the ra te ;Ilcren~es more 
heat IS e'~[lte~1 and a T iF1 crea~es. Ass um ing that the decom position of 
a ~ 1 explOSive IS a firsl order pIOCesS. then the rale or the reltction ill 
dlrectl.y proportiorHl1 to tire increase ill tcmperature 6.7: as shown in 
Eq uat IOn 6. 15. 

R<t te of rea cl io II if tiT (6.15) 

T he aet.ivation e~lergy E ca ll be calculated rromlhe DTA rI o t ti ll ing the 
Arrhentus cquatl on as shown in eq uation 6.1 (,. 

Rate of reac tion = aT = ..'Ie FI R,. 

I I1~T = lnA - EI I?T 
((,.16) 

tiT is meas ured a t several tcmpera tures T. and 1[1 .11' vcr<;us /11" 
pJ olled. A. straight line is oblained with a slo pe or _ I:,/ /t · rs 

D:~ WIll also pro ~idc information 011 the melt ing, boil ing. crystallille 
t~anslt lo ll S, dehydratIon. dcromposit ion, uxid:rli (l l111nd redllCl i{l rt rellC
tlons. 
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Thermogra \'imClric Analysis 

Thermogravimetric analysis (TGA) is a sui table tech nique fo r IIIC 51 ud Y 
of explosive reactio ns. In TGA Ihe sample is placed on a balance inside 
,Ill oven and hea ted at a desired ra te and the loss in the weight o f the 
sa mple is reco rded. Such cha nges in weight ca n be d ue to evapora tio n of 
moist ure, evulu tion of gases, and chemica l decomposi tio n reactions, i.e. 
oxida tion . 

TG A is gcncrally colll bined wit h DTA, and a plol orlhe los5 in weigh t 
together with the DTA thermogra m is tecorded. These plols give in for· 
mation on the physical and chemical processes which are ta king place. 
In an explosive reaction there is a rapid weight loss aner igni tion due to 
the prod uction of gaseous !lubsta nces a nd a t the sa me tillle hea t is 
genera ted . A typical DT A and TG A therm ogram of H MX-p is shown in 
Figure 6.6. 

T he end otherm at 192°C is d ue 10 the P-d crystalline phase ch"nl:. i , 
and the exot herm at 276 °C is d ue to the violent decomposi tion of I-IM X. 
T hermal pre· ignitio n ami ignition temperatures of explosive sulbSla nc". 
can be obtained fro m DTA and T G A thermograms. 

Differential Sca nning Calorimetry 

T he technique of differential scanning calorimetry (DSq is m y s.imila 
to DT A. The peaks in a DTA thermogram represent a difference 
temperature between the sample and reference, whereas the peaks in 
DSC thermogr;Hll represent the amoun t of electrica l energy s upplied 
thc ~ys tc l11 t{l keep the sOlIn pie and reference at tile Silllle 'oo"p.""u,·.'r 

"' The areas Lind er the DSC >cab; will l' .. 

change of Ihe reaction . I I e pf(lpo r IJ O/l;11 In the ellthalpy 

. DSC is ortell used for the stud of ' " 
kmetics of explosive reOleli ,>" s· 'I Y I eqlllhhtr<l , heOlt capacities Olnd 
DT . ' . 1lI le.1 lSCIi CC of 1,1 ' I A combIned wit h TGA ' . lase e langes, w l lefeas 

IS m3ml)' used for Ihelillal analysis. 



Chapter 7 

Manufacture of Explosives 

NITRATION 

Nitration pl ays an import ant role in the prepara tion of expJosives. For 

ex ample, the mos t commonly used military and commercia l ex pl osive 

co mpounds such as T NT, RDX, nitroglycerine. PETN, etc., are all 

produced by nitra tion. Nitration is a chemical reac ti on by wh ich nitro 

(N0 1 ) groups are introduced into organic compounds. It is b""".lIy 

substitu tion or double exchange reaction in which one or morc 

groups of the nitrating agent replace one or more groups (u,u,lIj 

hydrogen aloms) of the compound being nitrated . The nitration 

lion can be classified into three catcgories 85 shown in Figure 7. 1. 

A summary of the nitration techniques for some milit a ry a nd 

mercial expl osives is presented in Table 7. 1. 

C;n.ill.'aJiJm 
nihO <:<Impoond 

no-
Neric «hi 

T~t'yl 

TAlB 
fiNS 

Ib>iIIRlWl 
~rlnl!E Q1er 

j 

-{-ONOl 
j 

ntuv"oup 
Irtxhed 10 .. en 110m 

Mlro«UuloH 
N/JnI,fyt:~rlM 

fa" 

i'i=ni1aJjJm 
nil", ... ;,.., 

-{-7f'WJ 
j 

nitmcu>up 
attached 10 

nil en 110m 

'D' "M< 
NiI"'flNJltidrfll! 

Figure 7. 1 ("/(mi/icalirm 0/ e.tp/osivt' compulilioll by lIilralion rwc/ion 

II I 

Table 7.1 E , 
:r:amp eof IIjllitrfll;lIg • , 

. flg( 11/ Splr IiiI' 1I/(l1III{;'(II11-" ~( I 
" ~'.tP Olll"l't 

COli/POund 
. 

C·Nilrmioll 

Picric acid 
TNT 
li NS 

O-Ni/r(I/;OIl 

Nil roglycerine 
Nil rocdJulose 
PETN 

V.fUaf IIi/rwillg ('.(fI'III 

~:!Xlurc of n!tr!c <Iud ~ulrllrie lick,. 

~)lIUrc of I1l1nc find J:ulfulic "cius 

1\ I r)llure of nil fie allll .~ ulrurie ~eid~ 

~:!X lure of "!I,!e iInd sulfuric acids 

!)lIUre of nl1nc and sulfuric acid~ 
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~1.r;!.~ lIre ~f IIilric lind sul furic acids 
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,CI allu <1l1l1l1olliull1 nilr;lIc 

C-NITHATrON 

I'icrk Acid 
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NO, 
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acid (7. /) can be prcp;ued by d ' , ' 
nilra!', • ISSU VlIIg pitCH I . , 

lngt reprodIlCI Wii hn ·I .' U HI Sl! [uric acid , "~:::"w" ,,, Roo", ,,,, 7, 1. 
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11-- 0 - . 0 NO, U'N~NU' 
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"'NANO NO, 
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Sulfuric acid acts as an inhibitor or modera tor of the nitra tion. The 
sulfonatio n of phenol all ow and high temperatures produces the orillo
and para-sulfonic acids, respe<:tively. All these substances yield picric 
acid as the lina l prod uct of the nitration. 

Tetryl 

Tetryl (7.2) call be prepared by dissolving dime1hyla nilinc in su lfu ric 
acid and addin g nitric and sulfuric acids a t 70 °c as shown in Reaction 
7.2. 

+ 4 HO- N01 

Here, one methyl group is oxidized and a t the sa me lime the benzene 
Il ucle us is nitrated in the 2-, 4- and 6-posilions. Recently-developed 
tech niques for the manufacture of tetryl treat methylam ine wit h 2,4-
2,6-dinitrochlorobenzene to give dinitrophenylmethylamine. This 
then nitra ted to tetryl. In both processes purificati on is carricd ou t 
washing in cold and boi ling wa ter: the lattcr hydrolysing the I","-,nil,'o 
compounds. finally, thc tetryl is r~rysi~Ji ized by dissolving in a"" lm" 
and precipitatcd with wa ter, o r recrystallized from benzene. 

TNT (2,4,6-Trinitrotoluene) 

TNT (7,3) is produced by the nit ration of toluene with mixcd In ';ldcand 
sulfuric acids in several steps. T oluene is first ni trated to m"n'," ;"'~ 
toluene and then dinitrotol uene and finall y crude trinitrotol uene. 
tr initra tion step nccds a hig h concen tration of mi xed acids wi th r<e. so,~ 

'" grOups. A SUrTllll<lryforthcprcp 'lf'l t' r " 
is p resented in Reaclioll 7 . .1 (O~c'rI~<l~~~1l tl trlllltml o luCII CS rroJllto lucnc 

n tJ 

U 1N A NO 

V ' 
NO, 

(7~I) 

Nowad<lYs, I1ltr :I\I OI1 or tolucne I rt • 
ucne en lers the reac lo J' a l OIIC CII . s, Con tlllU UII S ploecss. whclc Ill J
other end. The n it l 'HlIIg ,. ,' , ,',I .IUd .IIJIIltl ll tOJUCl1 c IS pl t,dllCc<1 at Ihe 

• "I.:I ( ows III thc u" ' I " toluene and is tOI'P"" ' . p OSI C l frcc t lOlI 10 Ihe 
II' .15 IcqulleJ 'n ~"1I1 S 

rCll c lalllsplaYS;lIlfl1!, l(" IIIl' I " , (l1I~por llt ~, 1III'Iligorihe 
, • , p .1I III I Ie I C' lCtHHI SI 

nr!ra lio n process <lnd help t . - Ille It spceds up thc 
C .. ' S tl IIICIC:l SC Ih c Yield 

rude r N r contalllS iSOIll CIS ' III It · I . 
suIting rrom side fC ' lCllPIIS I I 'l ,1I1 1,I ICt phClIllhc Ctl lllPOUlld .. 11,/ -

, • • Ie 1I ~lm Ilie lh od pr,,,, " cr uc e r NT wllh 4 % q I , . II Il:l tiOIl l 'i 10 t l c:lI 
, " 'lHr Ill 5 11 Ill c ~oJlI II U Il ~I'l ll "9 , 

l Ie unsyrnlllclric.J! Ilillil '" • w IIc h cornCll s 
These by-pro t.luc;s lI C II ro CUIllPOtllld s to suJroliit' ilt'id dCfi\:IIHCS' 

, . . len lelnoh'lI by l\'t~II' ' 
UltO IJ Pure TNT IS thell w .. , I , 'lIIg lil t I .111 ("I..:nllllc "01_ 
, .1" ICl WI I I hn t W'llel Ihl..: I , 
Impo rlan llorernovclhe\,\"Isl . . " , •. ' Cld lll pack ed. l ll~ 
I , - . e.I(:1( .tIl{ 11J1 ~) l1Il11c t fl' , . ' , 
ogetler with any h)'-,,, , r ' a '1II1Urt'Wlue"c~ 

TN ('l IlCls 0 111 11 ' Il11 ln I ~ tl '" . , T, reduce its shelli lle. 1II(; le:ISC ils ,- . ' IC) 1\" (l'~ I : ldc the 
hl.'II,y wi Ih lIIelll/s alld ot hel m'l lcn<lis S~,'.~~:II ~ II Y <llld reduce It s CU ll lp.1 I 1_ 
trulllro toluencs <llld b _ d '" .CC.IIIlOU IIISorIlIlS) IlI1I1 CIIICa l 

TNT. TNT can be ftlrt~I ~~f:1CCI;~~~ 'I~\t' ~':n 1(1\\cr Ihe lIIc1tilig pujnt ur 
I acid , ' IIC lUll! u rgan lc So/veil Is o r 62 %, 

TA T8 ( 1,3,5-Tria lIIiIl0-1,4,6-lrinil robell7.e Il l') 

nil,0,,,,,(,,7,,.4,,J,,i,S produced fl o /IJ the nilration of J.J's-trichloro-2.4.6_tri_ 

U'N6 NU' 
II /N 7 Ntl l 

N O l 
(7~1 
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1,3,5-Trichloro-l.4JH riliitrohclIlCIlC i ~ prepared by the ni l r"I;(1I l (II 
tricn lorobel17cnc wilh a mixture of nitric acid nllli sulfuric :n: id . 1..1.5-
Tri chloro-l.4.6-t rill;l. nbcllze nc is then Ctlil verted to 1,3.5- \ ri nill"l>-1.4,6-
Iriamin ohel1 lCnc (TA Til) by nitrating \\;\ II am rll onirl :IS shown in Reac
tion 7.4. T he yellow·brow n crystal >; o r T AT B ;He filte red 0111(1 \\;t<;hcJ 
wit h wa ter. 

C'? " N;r~i" lIfid ""tI ('* " "''''c. su lrurlc add 

O,N 0. NO, 
U S °c rOt III hour . 

" 

T richlot oh( II ,.t " C 

C'*" Am,,, .. ,,;,, ~",I "')~iN'" O,N 0. NO, 

r rh3nQI 

OIN NUl 

NIII 

rATU P.JI 

~ T'A 'rn is an explusive which is resistant In high Icrn pcr:Jltlrc<;, and 
used in high -temperatu re envirunments ur where safelY f rolll 

:id,en'a l fir cs is important. TAT B i ~ e~ lrcmcl y ill<;clIsithc to iu iliati ll ll 
a nd requ ires a large amnullt of booster to ini tiate it. T ATB is 
rega rded aS:ln insensiti ve ex plosive and will lIIost likely re

HM X a nd RDX in ruturc ex plosive compositions. HtlWever. lhe 
ofT A Til is fi ve tu ten t il1l e~ grea ter I h;1 11 I he eml or ,, /\ I X. 

II NS (1Icx:lI1 il ros lilhcnc) 

(7.5) can be prepared by many mel hod s: Ihese iur.:lud c lhe reaclioll 
derivat ives of Ivluclic wilh bel17:aldehyd c. Ihe re;tl' li tlll IJf nitro ,j""j'''' of benzyl hal nge nides wilh ;lIkaline ;lg.C l1ts II)' lcllluving 

halogcnide, lind the oxidillion o f nitro d cri va li\c<; (I f to lucne. 

O'N-\Q{N}l:>a NO, - !, V 
·O! U !N 

(15, 
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The first reaction involves hea ting together a mixture of trinitrotoluene 

and trinitrobe nwldehyde at temperatures of J60- 170 "C. and then 

allowing the mixture to cool for two hours. T he resulta nt product is a 

low yield of hexanitroslilbene (H NS). An increase in the yield of H NS 

ca ll be achieved by reacting 2.4,6-lrinil fobc nzyl ha logenidc with potass

ium hydroxide ill methanol as shown in Reacti on 7.5. 

;rt 
, O'N-Q-~II'D' 

NO, 
Potassium hytl rolitl r: 
In mtlhRnol 

(stu rn bath) 

HNS can also be prepared by the oxidation of TNT with 

hypochlorite. Ten parts of 5% sod ium hypochlorite solution are 

with a chill ed solution of one part TNT in ten parts m,,,,,1 " ""., 

solutioll is allowed to stand at ambient temperature until HNS 

tates as a fine crystalli ne product. H NS is then r~rys tBllized 

nitrobenzene to give pale yellow·coloured needles, The m,,,hn,,i,. 
the reaction is presented in Reaction 7,6, 

HNS is oftcn used in military explosive composi tions as a 

modifier fur T NT. Around!-l % of HNS is added to molten 

that on cooling, small, random ly·orienta ted crystals a re 

small crystals have a high tensile strength and prevent the TNT 

siti on from cracki ng, 

-<O(NO' -vf0 , 
ON OU-

, 0 '0 e ll, - - O,N 0 n" 

I 
'0 , 

--
J 

(7,6) 

O-Nn 'I~"TI O 

N ilro~ l ) ('Nille 

1 is prcparcd by injcl'tin' I ' I r 

mix I ure of highly.co nce rllrllie 1 1; , 11~ 1 Y-l'u rr CCIiI I"all'1l gl.recf

temperature, ( rHln c ilod ~lItru ric add~ or t :r 

II 

II -~-O-NO 
"-~-O-NO; 
II - r- o NO! 

II 

(7.(;) 

"

" ' (;0'" arecon~ l all lrys llrred and coo led \\111 1 ' 

the nitroglyce rine and '1 " r '" I ll!II!', "1 Ihe c nd (I I 

,t.:l\ ~ ,Ir c p Ol lled 1111,. a ~Cpa raln r, 

'" 
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where the nitroglycerine is separated by gravity. Nitroglycerine is thell 

washed with water and sodium carbonate 10 remove any residual acid. 

The cleaned product is immediately processed to avoid bulk storage of 

the hazardous material. The manufacturing process of nitroglycerine 

can be adaplecllo be a continu ous process by continuously feeding fresh 

mixed acids into the reacti on chamber as the nitroglycerine and used 

acids are removed . This method produces a high yield of nitrogl ycerine 

with little fo rmation of by. product. The chemical reac tion fo r the pro· 

duction of nitroglycerine is shown in Reaction 7.7. 

C;:111011 

CliO II 

C IIJO II (7.7) 

Transportati on of nitroglycerine a nd similar nitric acid esters is very 

haznrd ous a nd onl y pcrmitlcd in the form of solutions in no n-explosive 

solvents or as mixtures with fine-powdered inert materi:lls co ntaining 

no t more Ihal 5% nitroglycerine. . 

Nowadays. uilroglyccrine is not used for military ex plosives: it is 

used in propellants and commercial blasting explosives. llcing a I 

a t room temperature it po urs easily inlo its con tainer. However, 

used as a propellant it suffers from irregular ba!:;':;, :,~,;~c~,;~~~;:';:~~~~ 
is due to the liquid being di splaced as the shell 

is also very sensitive nud con eosily be initiated. 

desensitized by absorpt io n int o Kieselguhr to give dynamite 

gelling with nitrocellulose to produce commercial blasting gels. 

Nilrocellulose 

(7.7) 

The manufacturing method used today for Ihe nitration 

empl oys a mixture of sulfuric and nitric acids. During 

Alalluf actlm' orE .p/ 
~ . • (/J"'I'~ 

II III 
Ce ulose Some of I he 0 II . 
nilrale groups - ON n . grotrp~ III tl te It tll leClllcs arc rei I, , II 

2 ,IS sho\\ /I In n e~l t' li \ln 7.K 1,ll Cl ly Ihe 

- 0 

" 

-0 

C II10l\'O f ~o 1 't yr.·ol 

'0' , Y-0it~,~ "'\" 
~NO' !0r "~'_ IL-
" J 0 

NOl " ION01 

reaCI/on is rI bl • - " 11.11) 

r . e 10 luke phce will 
o Ihe cellUlose TI'e ' lO UI cJes ll(lyinu Ihe lib 

. CXlenl u rn;1 I · .,. I OU~ 

0 11. \lIe reaction condillons ra lOll o f Ih c - 011 groups IS 

Ihe (mlC alld Icmpcm lurc of 1;1 ir~ r~lcular/y 'hc COll1pos itiorl o f 

Cotlon /tillers (short fi bres) ,ltton 

combing, and then blc.lel, eO'" ,WO~d cellulosc arc cleancd by 
~."on, T/ fib • 0 gI ve', I 

Ie I. res <Irc mixcd wilh II. .' 11.0re o r,en slrllclure 

passed JllI o a second Sla e Ie. 11J{~atlHg nCld in ;1 pre-

obtained betwcen Ihe rb' g of Illlral lOn where Very closc 
Ih . I res aud thc nil, ' , 

en pass IIl lo a Ihird "'g I . fa lJIg aCId. The 
" 'iing: ac,;',d · " e w lerc 1111 . .. . 
,- IS rem oved froll1l1itroc " I r.1 Ion IS complclcd 

Producls the nilroccJiul .e U osc by ccnltifugalio ll Fo; 
h' I ose IS washed \ '11 d'i ' 

/g I-flitrated prod uCls . VI I I lItC acid :I lid 
wid · COntInue Oil I II 

a s IC . NJiroccl/ulos . I . 0 Ie l1exl Sla<>c 
derr h;.h c IS I tell IIl IXed . I e 

press lIres and turned · I . Will \\',lIe r lind 

belwcen ro l/ .. " , ,II~ °1 a pulp by S4ueczillg Ihe Wct 
I'o'<c,"olo,e . ... \ lie I ConI ' k . 
:: IS Ihcn boilcd. washed c . <lin lufe bladcs. Thc 

packed. A now di;18 rall1 fu r . Ic.l ned 10 relll Ovc fo reign 

IS prcsc/lled in Figu re 7.2. Ihc 1n;lnuractufin~ pf(lCCS~ of 
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MUllltjaClrm.' II! E 'plll.,;/·.·. 12.1 

Nitrocellul ose C:III he quile ha7arlio llS if Icil tu dry out t:llm plc ldy: 

therefore. it is usually s io red and IranSrorleJ in 30 % \\a ll'r (If clh' lIl o l. 

Nitrocellulose is often d isso!'cd in solvent s to form a gcL Fo r exam pl e. 

commercial cx plosi lies used fo r b/;lsling pllt puscs (;011 [ai II Il i'roccl lulosc 

dissolved in nitroglycer inc, and some g Ull I" o pell .. III compo"il ill1l5 con 

tain nitrocellulose dissolved in a lIlixlu re of aceto ne a lid watc/. 

The degree of nilrtlliOll p ia ys a vcry j I11pOII<1111 role in the ,1 pplie., [io l1 

of nitrocellulose. Guru.:o llo n conta ins 1 ~.45"11 nit rogen <lnd i~ used in 

the manufa cture o f d o uble-base am! high cllcrgy propel!allt ... whcl'ca ~ 

n~'~~;~~;ulose used in ctlJllmcrci :l1 !!cJatinc and scmi -gclalillC dYllallli te 

'c 12.2% llitro~ell . 

PETN (l'l'llII1Cr)'lhril ol It'lmllil mh') 

is prepared by nitrating pc ntacrylllJ ill.1. 

OlN -() - II~C, / ' lir t) NUl 
(" 

U !N 0 II!( • '( II! 0 N O l 

P.HI 

~nl"'YII";;1 011 is made hy l1l i.~ inl:! formaldch)'d c wilh ('aldl I111 h)dm.~

an aqueous $0111Ii(111 11c1d al 65 70 l-. N llralil!!1 tlfpCl1lacr) Ihl illl i 

be achievcd by adLling il Iu c()l1ccntratcJ Hitrie ;] !.: id :1\ 2~ JO C 10 

PETN. The crudc i'ETN is rcmOI'cd by liltratioJl, was hed lIi th 

neutralized with sodium carbonate <;uh,t in n Illld reclY<;lalli7cJ 

acetone. This lllanUfac luriug process fur PETN rc<;ulh ill 1)5% 

with 1 by· prootlcis. The proecs<; is ~unU1wri71:d in Rell !.:-

is used in d eto nating cords and d cm nliti(HI dCllInalurs. III 

cords PETN is loaded iuln pla<; lic tllbc~ I'ETN i~ a l<;\ • 

with TNT <Iud a sm:tI] Hmourll or I\ a x tn r01"l11 ' PCHll.fjlc· Imx

. Pentolire mi xtures ,Ire used as bO(lster char!!cs for COl1l1llcrcial 

operatiollS. 



124 

:I: 
U U :u: 
u u 
" " '" '" , , 
g g 

1 

+ 

1 
'i' 
u 
:£ 

'" '" 
~. 'T 
:I: :£ 
u u 

'u' 
u' 'u 
£ £ 
g g 

Ciroprer 7 

N-N IT I ~ I\TI ()N 

I~ 1).\ (C) c1orrinlt'rh.1 ({,Ill' t rirrilr!llllillt,) 

The simples t rnClhlld (l r p repal ing RDX (7.9) is fly adding hex a
Illelhylcnctclra rnillc t(l excess C(IIlCCrll ra lcd nil ric m:iJ .1' 2S rr :llld 
warming to 55 "C R OX is prccipll:tl cd \\'11 h cllft! W, lI c r :I lid I he Illi ~ lUre 
is [hen bo iled t\l rCr11\lI'C :lIIy ~(J l tlhlc impurit ies. I' tt l iliGllioll fir R ox is 
ca rried o u t by fttT}Sla llr Z;lIilll1 fl O ll l aCC I{IIlC. 

p .", 
The chemislry of thc p rcpoll a rin n " r RDX i~ highl) l't' l1l p ln . \Vht~ 1I 
hexamethyle ne tetr a mine I ~ reacted \\ j!l, lI i llle m:id , Il c,~; III U.: lh }' r l:Il Ch.' l . 
mlllille dinitr;lIc is rt' nncu II /del! is then II/ tr Ol led 10 I'll 1 111 all in termed i. 
ate 'Compound,. ;t', ~ l lImll III ReIterioll 7. J () 

• 

" Il ~)(:lm~lhY I~ IIe1l'1r:Ullj"e dlnltnul' 

fu"''''',y''''''''''"'''' ,, ;"'" Iii nil r~ [" 
P . lnl 
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Further nitrolysis o f Compound I results in the formatio n of RDX via 
two o ther intermediate compou nds as shown in Reactio n 7. 11 . 

Other manufacturing techniques include the S H-process invented by 
Schnu rr, the K-proccss patented by Kn omer, the \V-process patented 
by Wolfram, the E-process patented by ETbele, anti the KA-method 
invented by Knofller and Apel and also Bachmann. 

The S II -process involves con tinuous nitration of hexamethylenetet
ramine by co ncentrated nitric acid, with the production of nitrous gas. 
The RDX is fillered from the residual acid and slabil ir.cd by boi li ng in 
waler under press ure and purified by recrystallization frOIl1 acetone. 

In the K-rroccss RDX is formed by reacting ammonium nitrate with 
:, mi xture o f hexamethylenetetram ine Rnd nitric acid, and warmed as 
sho w 11 in Reac tiOIl 7,12, 

Compo"nd I 

, 0) !"ION01 

N • N- CII)ONOJ 

IIJ N \jCt(. /cl.' 
". 
- N01 

C(l n'pOIUld II 
(Ilypolhtllcal) 

J 
P'10NOI 
N- N01 

+ t lllONOI 

Compound III 

(llypolht:llul) 

J 

Mllmljllc"we IIf £ \I'II/\'i"t'~ 

! 

I 
+ 

The W· p roccss t~ b ,l ~cd ,)n Ihe I 
is:,~~.:~,:: wilh fo/tHald~h} d l' ' I lid \~)ltI ( l' l1 ~; lll t \11 ,, / Jl" I.I ~~ llIIll :ll1ltd ,.
:P as shown ill Ikaeltcll; ;,/1, e, 1,".~ lr· tl1t:11 " r the l l1l ~de ll ": III \l n 

~:<t'~'!':d~~'~~:,"'i:;'~~::""'i.::',~,,~ - Olel c., I, I u la""ltJr n a nlldo" tJft'"_ I ':lI e reac lcd 10" clllcl' I , i 'II ' ~ t\ P' Ol un' Jl nla~~i lHn 
, m pltlduCI i ~ lI i ll ' ll ed t /{/) X, . 

Orl1lll'icalld s unlilicncid ~, . \1 ; 1)' :1 1I11 ~-

In " ,le rE -p~y)C~~:IJ;~~~,ro, 1"",liJ,IO, ell ydc :lIld :1 III 1ll01H 11111 ni Il:ll e IIlIlIc. go 
, • 1I1 }'( r ll C ~olllrr on . csull ' J I 

as showlJ in Reaclio ll 7, I4, ' lIIg III I.c u rrnall ll/1 of 

The ~y;~rOd~~1 f') II1 I:~kl~h }'d,e car l ht, 11 : 111 ~ I "rr l1 l' d i llil l Il e~a 
I Iheyie/d , by rCdclmg It wIth :lItlllllll1iulII lIilt:l! c alld Ihll ~ 

the KA -prol.'cSS (Ua(;lImann l)llIces~) i ~ 11' 1 ~e 1 I 
hex<lmcthylellctcllamine r '" 'l, IlII 1 Ie ' Ca t ' I IP II 

amount of I', '_ . ' \1 ' ( IIIrtr.ll c:"1d <I 11l1l1l11l1l1l1l1l ilJ';n c l\flll 

reaction i,s P~C:~~I;~~' illl~ C~I~li;:~~~~' 5~lJh)rJnde ~ohrtj ll ll I he 

has ~1:CJt,lg PCI,illl,d osc 10 it s igniti o n tempe raturc alld the re_ 
~CI'"" OI a c y me tel II owc vcl it is n d ' 

ror cas ling I cchni~lIcs RDX' is , 0 Cll 1~ ~,C III ctlnj ullc lio ll 
b ' 'Icry SCIlSlll le ;uu./ canno t he 
y preSSlIIg, In o rder 10 reduce t ' , , 

or J ' I Sscllsrll v.ly n biudcr s llch ' l ~ 
Rr;l,::cr IS us~~l. Ihcsc b,illders ar c knowlI !IS phlegm',lIilil; " 

,'hc 111 ,11,]) CXpl llS l\'C CO lHpllllcnt or Blili~ h e ~ ) J I)~iI g 

It IS used III ~ h(' II ~, b llndl~ ~ h a pcd dr'l r ' '., I . e 
,linl po l) mCI hlltll k d ('~ pI !l" i \l'~ . ge, l' ~prlldel~, 
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t7. I !iJ 

11 1\ IX (Cyclu IClra lllelh) Il' lIer C' rauitr:llllilll') 
M.X f7. fO fJ) is (willed as a hy-prot/ul" dtll'iug I he mallul:ll:! III c of R DX Oael"","" process. 

!etlloy llc"c"''', ,,o jo,,~ acel Ie acid. ;ICC! ie a nhyd ride. a 1I11110uiUIIl 111-nitric acid arc mixed toge ther and held a t 4S 'C for 15 min. nitrate, nitric acid and acetic an hydride a rc thell slowly lert 0 11 a stea rn ba th for 12 h. A preci ritate forms cOlllaillillg and 7.1% I·IMX. This process is showlI in RCilct iotl 7. 16 

destroyed by placing the prCClpil<l rc int o H hot. :lqucoU<; of sodium [cl r<lhtlrll le dccah~d r al{' \\i lh n ~lHa" :11 11 1111111 "r 
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sodium hydrox Ide. The R DX is completely dcs troyed whclIlhc va lue of lhe pH increases 10 grcaler than 9.7. II t\,·1 X is li ltered amI recrystall ized rrom nitrorncth anc to give the {I-form of 11f\·IX. HMX is simIlar to RDX 111 th a I its melti,,!! poin t is \cry close hI its ignition temperature and therefore C;lIInOI bc slIfely melted . It (":In he used with TNT fo r casting techniques. II fill X je; a lS{l vcry c;cnSII;\'c a nd ie; used wil h phlcgm:ltizlI1g !limlers. I I f'. 1 X ha c; a slight!)' higher dell"'!}' alltl melting temper,llure than RDX and ,e; o\e l"all a bel le r C'(plllC;i\c \\Ith respect to its performance Il o\\c\cr ite; C~lst is appro,;malcly three limes grc:lter than R DX. 

N itrogltrl n itl illl' 
i,;'~~~~~"n;'l;"" (7.1 I) ex ist" in a I leas t two l'flsl:ll1inc fl'rnl~. I he IX- :lUll 

Nil . 
Nll o-<N II· NO: 

(7. 111 

a·fOfllllll ll}' he pfcpmcd hy dissllhing.g.u;lnidinc uitral c in cnllCCI1 -sulfuric flt:i rJ <I ud puUrill!!- jlllo execs.;; \\alcr heru re cr)<;\,dli7il1!! ho t waler. LOII~, Ihin. ncxible. lus ll tJU5 needle ... \\hich :lIe vcr} arc formed . This j .. Ihe nUl~t comrnull f(lIlll and j<; lI~cd in lhe )!~,:~~~~,;':~~:,;;;' The {I-forlll rn;1Y be prepared hy l1ilrall11£ a mixture 
~1 i sulfate and a1l1 T11oni uIll Slilr:IlC and cr}'sia llizi ng from 11<'1 to form fern-like dusters of snIali. thin. clonp:a lcd plale<;. The may be cu nverted in to the II-fu m! hy di ssolvillg in cuncentrated , acid and 1I1l111ersing in excess wa ter. [n o rder 10 reduce Ihe size so thaI it can be incorporated inlo colloidal propellant s. a " ~::~~:~~ of nitroguanidinc is spra}cd 011 to:1 cuoled metallic Sil l fa ce L' to cool in a st rC<l1l1 of cold nir. Thc Icsuhnnt uitrogu a llidillc powdcr. The reac ti on scheme for the preparati (lII (If nit Hlpresen ted in Reaction 7. 17. 

II
Z
N<> =N _ I'\'()I 

li zi'll 

(nm e II ,!'; !)" 



AlllllloniUIII Ni trate 

The llIost COlll1l1 0n mcthod of manufacturing ammonium nitrate is by 
injecting gaseo us <llllmo nia in to 40-60% nitric acid at 150 "C as shown 
in Reaction 7.18: 

(7. t8) 

Dense ammoniulll nitrate crys tals are formed by sprayin g dro plets of 
molten ammonium nitrate solution (> 99.6%) down a snort tower. Tne 
spra y produces spherical particles known as ' prills·. These crystal s afe 
lion-abso rbent and used in conjunction wi th nit roglycerine. An absorb
cnt form of ammoniUIll nitrate can be obtained by spraying a hot, 95 D

/, 

solu ti on of ammo niulIl nitratedown a high tower. The resultant spheres 
arc carefully dried a nd cooled to preven t breakage during handling. 
These absorbent spheres are used with fuel oil. 

AlIlll1 0niulIl nitrate is the chea pest sou rce of oxygen available for 
cOlllmercial explosives. It is uscd by itself, in c:;,o njullction wilh fuels, o r f 
with uther cxplusives such as nitroglycerine a nd T NT. 

I'RIMA lt Y EXPLOSIV ES 

M ~lIlufacturc of primary explos ives is very hazardous Ilnd "",id,nl 
such as explosio ns ca n occur during the preparation . Therefore 
safety procedu res arc a lways ad hered to. 

Lead Azide 

Lead azide (7. 12) is prepared by dissolving lead nitrate in a 
con taining dextrin, with the pH adjusted to 5 by adding one 
drops of sod ium hyd roxide. 

f~N+~N ' 

I'b , .. 
N= N =N 

(7.12) 

This solution is heated to 60-65 °C and stirred. Sodium ",i,ded iss., 
in a so luti on of sodiu m hydroxide is then added dropwise to 
nitrate so lut ion. The mixture is Ihen left to cool 10 room 
with cont inuous sti rring. Lead azide crystals are filtered. 
water a lld dried. This process is p resented in Reaction 7.19. 

2Na{N " )I(.~1 + I'b(NO" ) '(.~1 -+ Pb (N~)l('1 + 2NaNO,lIoql 

r.n 

f\ h'rcur,\' FullllinJl 1(' 

Mercury fulmin a te IS prep d (r . 
then po uring illl o et h'lll ~r~ )~ ( Issoh 11l~ "~CrC llT)' ill nitl it.: acid <JIld 
accompanied h)' Ih .. .... ' ,0 . . \' lgoro~ls fca t' IIOn takes P:ICC whic h is 

.... vo lIlto n uf willie fll I' I 
fumes and IIII'll!) <to'ti" b , . Illes. len I)' hl't l\\' lIi ~ h · , cd 

• '~, }' W lIIe fUlII es II [ tl ' '. . 
mercury fulminate a rc for d '11 .,' It: 5.III) e tllne l' t )~ l a l ~ of 
with water until all o f I' , " IIl ~d '. Ie (';I }st al~ ar c rCCll\'CICd :Hld \\a~hcd 

c ,lei IS rCIlHncd. 

(C" NOJ, lt j! 

(7. 1.1) 

The crys ta ls lire a greyisl . I 
n,eeh"" i'" 'n ',,_ ", ' .' I lO (Hlr :tlld :tl e ~ I ( ' . ed ullder WaleI' ." ,., 

i' ". 'S ,c'Je t!!H)' I II " . .... 
:.K" ",'lic",7.20. ' , lll l Ie rllt c rtlr Cdr :ll c ~tl'P~ al e presl'nt cd ill 

I. Ol(it1:uion III' ethanol to l'llmrwl 

CII.,C IIJO H + IINO, -+ CH,CIIO + IINO
l 

+ " :0 

2. FUlrnatiol1 of lIilfUSlJctl,"" " , ( ' , . C '" I II fusallOlf) 
H"C HO + IINOI -+ NOCIIJCII O + 11

1
0 

3. Isomcri zatiull of nitrosl hi ' , 
NOCII CliO Jet ana to fSoflllrusoethall:l1 

f -i 1I0N=CII_CIJ O 

4. Oxidatio ll or isonitrosoctha I ' . . 
1I0N=CH-CIIO na to ISOlllt ll>50CtimnOlC ,lCili 

-i IION=CI-I _COOlf 

Decoll1/l{l~ i tio l1 (If isunitmsoc I . . 
metlianoic acid I la liUle "Cll! 10 fulm ill tc ;tCld ,lIId 

-i C;;oNO I-' + !lCOOIi 

Formatiun of mercury fulmi n<llC 

+ IIg(NO")l -+ (C;;oNO)l llg + 2UN() , 
(Uti, 
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Tetrat.ene 
b dissolving sodium nitrite ill d is~il~cd TelrazclIC (7. 14) . is prepa[~ o~ An acidic soluti on of aminog~~llIdlne water and warmlll g to 50- . . f red for 30 min. A preCIpitate of sulfate is then add~ an,d the Imx~ure s ~ed with water and then alcohol, letrazenc forllls. which IS decanle ,was 

and dried at 4S- S0 °C. 

N- N 

\\ \_rm-NII-N:N1~;1I 1 . 1I10 
N- Nt 

(1.14) . R , " 11721 . .. presented III cae 10 . . The mechanism for tIllS reactIOn IS 

, " '·"""'1 
i i 

)
1 liN l II • i 

liN\. " --"'1 " " 1 '\ NU-Y-~ lIuLNO ~C-N II-N i .\- 111-N\o rjc- -\ .-_ ... -.' 
1111 ~~ ... J L~~ t I 

H\ I NH ! ... )11)0 C_N II_NII_N;N- \ NO 

H, j I 
NII- ~II 

;;- N 
IIN\ _NII_rm_N:N_< \~ 11)0 

H, j N"-~ 
. . uanidine sutralc is added to 1 he rate at which the al~1J1l0gl . of the tetrazene or sodium ninite tleterm,l1l estl~ l~ SIZ\kIY small crystals aminoguanitline sulfate IS a e d

qu
, I,.,,' the solution is t I arc forme w ... whereas larg~ crys a s tid d t the reacting solution to slo wl y. Dcx trl n call be a e 0 

unifN lll cr y<;wl size. 

"faml/of/lm! IIi r'fll",I,!'('$ 

CO(\ I!\ 1[ItCiA I, l::X I'I ,OSI VE ( '()!\1 POSITIO NS 

Al1IlIIoniulII Nitra ll' 
Ammoniulll nitrale based expl osives are genera ll y lIseti fo r quarry ing, tunnelling antllllll1ing. 1 hey arc mixtures (If am1ll0niul11 nit l a le, carbon carriers such a s wood mea l. oi ls llr coa l, ami sellsi li7ers such a$ nitro· glycol, TNT and dinltro tolucne The<;e ctllllpo<;itiolls may alsp ('o l1taill aluminium powder to improve their pe lfor1l1ance. Ammo niu11l1litl ale prill ~ arc llflcn 11l1~ed \\ ilh f!lel o il (l iq ll,,1 h)d ro· ca rbons) to produce a COlli merciaf e .~ pln~l\ e l11i x t life k 1101\ II as . A N I O ' which is used ill qU:HI )'illg. AN I () ca ll he [ll cpalcd ill a (aet l)!"} hy mixing both illgrcdie l1 t~ in a lU t:tling l'o nt :uner allli d ispens ill}! the produc t ilil o p l.l lyc th ylcnc o r (,"Iclhon .. d tube<;. I he tubl.. ... al c then ~eakd transportcd 10 Ihc place of lise. AN I () Cilll ahu he pl t-palcd at Ihe i s;,:",I"", ,i""""lo,;'''l·Plll llll<;ll i.l1l i<: t p he lIQ'd I ud oi l i~ poured iul p pol yet hylene bag con tailli ng :!lHUlI'lliU II1 nilt a IC n tid len fur sO llie t Im c ,lo,II,,,,lhc oil 10 s;oa k illln the <l111111\111111111 1111I Ulc. I he /\N I·O 1l11.~ t\ll C Ihell po ured fro m Ihc pol }Clh~lc ll c hag illt l' the 11I,1e " .,'. <; Iiol . lulle) the expl o!'i\c mi~ tlll I.' i<; dCl\l1l!ll cd 

c'ANI'O ca n be tn hcd dill'l' ll y III the ~ ho l · lh llc h}' lil ~ 1 p\llltlllg Ihe !lilrlllc illio th l' ~ h \'I · h ,,1e fpll ,lIIcd Il} the Iud 011. '1 hc ma in mi xing "11 sil e i~ Ihal 1\0 safct} pl l1ccdlll C~ <l I C Icquired f,l r 
t of fuel oi l ;1110 ;llllllHlIIiulII nlt r;lIc, <; incc flld OIl lind I 11 i I ralc al C l1llt dasscd as cx pl o$t ... es. I I 1$ ,'III} \\ hcn I hl'} a IC together that the c ll l11pu$ilioll becomcs an cx pl"~ ' le ~ lLb s lance . d ellsi ly and improved l\ater·rt'si~ tallt ,lIIl1H1ll\ iullI IIIlratc . i can be I)btailled by m ix illg allllllunl UIll nilra te will! gelatinized l1itroglyco l Il r gci alinilcd nil rnglyccr1 ne and nit ro· mixtures. Amm o niulll nilra te and TNT/dinilrolotucl1e mi xtures !". '" ."uu water· rcs is lH Ilt pro pc rlic~ SIIl CC I he I NT/d i nltrololuclIC a coating arou ml t he a llulli1ni lllll 11111 at e Lr) Slal s; . 

Amm onilll1l Nitrate Shll ri('S 

fDon;,,,,, nitratc s lllrric~ C;l1I hc ei lher prc pared in Ihc fae tN} a llli into ca rl ridgcs o r mi xed llil ~i tc alit! pumpnl d lll\ ' 11 the ~ hpI · Ammolliulll nitrate Sitl1T1 CS t'ollSi~t of a <;aturatcd aqueoHS <;[11· ammoniulll {about 65%} :l1Id o ther IIIl r.lles (i.I'. mcth y lamine 'MAN '). This soluti llll al~{) l'ontain~ adJ it io llal anWlll1t~ of 1111-nitrates togethe r \\I th ;l fuel Till' rul"! IS ~e lw"tll }' allim illlll!11 watcr·soluble Iud., <; uch a<; gl)":!11 Ill :' )' .. I ~IJ be el1lplll}cd ,wies « ,nl he 111adl' IIltH(" ~e l1 ~ iti\c h~ add in g t'HI IN [ N 1. 1'[ ' [ N 
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Table 7.2 SllIItIIWr}, uf d)'lulllrile compOSilio/ll 

Fud O:tidiur 

Gl'lmful'ilymllll ife: . 
Gelatine d yna m ite 25- 55"1. Nitroglycerine, 

1- 5% nitrocellulose, 
woodmell] . 
15-20% Nitroglycerine, 
1- 5% nitrocellulose, 
woodmeal . 
25- 55% Nitroglycenne, 
1- 5% nitrocellulose, 
woodmeal . 
25- 55 % Nilroglycermc, 
1- 5% nitrocellulose, 
woodmeal 

Inorganic nitrates 

SCltl i-gc la t inc dYlwlllilc 

G riignilc 

Am monia gelignite 

NC/II.ye/tll j'H! flpwmilc . 
Non-gelatine dynamite 

AmJllo llia lIynalllilc 

10-50°/, Nitroglycerine,. 
woodrncal . 
10-50% Nitroglycermc, 
woodmen! 

Inorganic nitrates 

Sodium or po tassium 
nitrate 

Ammoniu lll nitrate 

Sodium o r l>O tRssiurn 
nitrate 
Ammonium nilmlt 

0 ' by in troducing li ncly·dlsperse 01 etc. , . d 'r bubQles in 
tilled rnicrohalloons. 

. , NICra le Emulsion Slurries AlIllllolllun 

. ion slurries contain two immiSCible 
Ammoniulll mImIc emuls l' the majority of the oxygen 
the Hqueous phas~ wh ich !~f~II~~pplies the fuel. I I 
reaction and the Ol~ ph~se Ision which is formed from a 
based 0 11 a water-in-oil e~u .; atein a mi neral oil phase 
aqueous solution of allllnomum't~l r by adding ai r-filled mi"ob,ali 
' . b de more seosl Ive . I 
slurries can e ma I ' ',s slightly higher Ilan . r h mu lsioll s urnes I . 
The densit y 0 Ice r nee Emulsion s urnes . . greater per orma . 
therdore resultmg III a d J ded inlo cartridges or 
be prepared in the factory an 03 f 

d d down the shot-holes. an pumpe 

Dyoamile 

i ty of explosive .. eric name for a va r e . , 
[)ynrlll1lle IS 11, ~cn b divided into two catego ries, .".":, 
These compOSll l0llS can c '( s shown in Table 7.2. 
mil e and non -gelatine dynaml e, a 

Manll[aC/llrc Q[ £xpll)~;"f',' 

1.17 

Gelatine dynamite is pr epa red by diSsoh ing nilrocelhllusc ill nitro_ 
glycerine at 45- 50 °C to fo rm a gel. The ll1i .~ture is continUOUSly ~Ii" ed 
by large, vertical mixer blades simila r to a bre:rd -rna king nrachille. Ollce 
Ihe gel is formed Ihe o ther ingredient s nre added. The ex plosil'c rrrixtillc 
is Ihell extruded or pressed inlo lo ng rods which arc cut into smalle r 
pieces Bnd packaged int o pape r c,1rtridges coated with panillill. ' / I' t, 
manufac ture of lIoll-gel;uinc dYlianrite i ~ similar to gcl:l!illc uYllamit e 
except thaI ni trocellulose is nut uscu iJllhc fo rmUlations. 

I\ llLlTAnr E.:X P LOS IVE COI\ IPOS ITIONS 

MOSlllIililary explosi I'cs ll rc soliJ co mpo unds 1\ !r ich a re lIIan u{:".."111I cd 
in granular form, lI' ilh bUlk densi ties of l e~s than r g ern I . 11 1('~C 
granular eOll1pound~ are thell Inixed wilh (It her e.': plo~ l \lc or III CI t \ "Idi,ti"" 10 gi I'e exp/(lsi\ e t'olll"{l~it io n s 1\ it l! dell s il i~ hel \\'ee ll I 'i 11 lid 

, 1.7 g CIlJ -
J

• The explosil'c l:ompositinm arc IhclI ca~!. Pl c'~cd nl n ' Iruded int o their fili al fO ll1L 

C:rsl ill~ 

h;,t~:,/:::;~,~':,~f,~:':",i:· :,; is lI ~cd fo r roadill!! c ., pl(l~j I e COJnJlo~i l jpm i 11 111 
tf Cast illg CSSCltl ill l'Y ill 1'0 1 I C~ Il t'a ti llg I he c~ prtls i \ c \:1

1
111 , 

UllljJ it IIl clis. pour ing il into'l COlit a iner anti IC:l\lIIg it 1(1 
by COoling. Allhough Ihe process so unds simple il 1 1;I~ la kell 

of developmellt 10 oplillJi7e Ihe processi ng coml ilions. The d l~ad 
of cas ting are that the denSity of tIle casl co mpositions is 11m II ~ 

as pressed o r eXlruded compos itions. that cracks can sometimes 
when the composition shrink s 0 11 sulidi/icaliOIl resurtiug in a 

J which is IHore SCIlSilive, lind tlwt the solid ingrcdic lIls Icnd 
during so lidification res ulting in inll OllJ ogeneity. Ex pr(l~i\c 

'~:'::::~;,~ whicJ. have ignition telllperntur es near 10 thei r !IIclt ing 
bt cann ot be cast. The ad vantages of casling arc Ihal the 

issimple, cheap, ne.'(ible and produces high productio n volulIle ... 
I compositions which are processed by cas ting ge nel,lIly 

TNT, which ha s a relatively low me/ling tell1perature (80 q 
wilh its ign ition temperature (240 "q . large quant ities of 
used for eas ling in the Second World War. Mallen TNT was 
ammonium nitrate to g ive 'am31 0r, o r alllnlOniulll Ilit nllc mi"iu,," 10 give 'minor. Today, TNT is used as all energetic 

casl COlllposi!i(lIlS. It is used In bind I(!!le lher I~DX. /J ~I X . 
and allllll oniulIJ perchlo ral e. 

-W,,",,raC""in! process fo r Ihe C"~ t i ll !l (lr e~ pln~i\(' l'O lll p(l~ it io ll ~ 
carefully C(lIIl n1lled t'Onllllt!. \ I hl ;1 r I n ll :r II> I \ ~ . nllll i t " ", /, 
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niques to produce a homogenous, solid composition. The purity and 
size of the explosive crystals are ca refully monit ored and the complete 
product is subjected to X-ray analysis for the detection of cracks. 

Pressing 

The technique of pressing is often used for load ing powdered explosive 
compositions into slIlall containers. Pressi ng does not require very high 
tcmpcr;lIurc.<; and can be ca rried out under vacuum. The wh ole process 
can be automated resulting in high volume productions. However, 

machinery is expensive and the process is more hazardo us tha""'O~:'I~i:~~~ 
The explosive compositions ca n be pressed directly in to a c 

or mou ld. and ejected as pellets as show n in Figure 7.3. 
Variations ill the density of the pressed compositi ons d o occur. 

ticularly nca r to the surface resulti ng in an anisotropic prod ucL 
in incrementa l stages or using two pistons can reduce these variations 
shown in Figurcs 7.4 and 7.5, respect ively. 

Whcn dimcnsional sta bility, uniformity and hig h densi ty a::;~;,~::~~ 
to the pcrformance of the fabricated explosive composition, I 
and isostatic pressing can be employed. In bo th cases the 
compositi on is compressed by the action ora nuid instead of a I 

hyd rostatic pressing the explosive com posi tion is placed o n a 
surface and co vered wit h a rubber diaphragm as show n in Figure 
isosta tic pressing thecompositio n is placed in a rubber bag which 
immersed into a pressuriza ble nuid as shown in Figure 7.7. 

Piston 

Explosive 
composition 

Fi[!lIf(' 7~l Sdr<'lIIlflk ./inyrllf/l (if pr('$.~;ng ./.Sing !1 single pf$lQ U 

SellellUil if' ,/i f/gram OIIlIlN'II/!'1I10I", ,'HIII,/ 

Piston 

Piston 

Schell/Cll ir (1m, . 
,1Jlmll <If ,'ft',lllIIy lI.lillg 111'0 "'\lfIIl.~ 

ExplOsive 
ConmOSi(ion 

EX/Jlosive 
cornposilloll 

1.19 
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RubbElr 
dlaptul!Igm 

Explosive compollltioO 

Vacuum 

ClllIrl~r 7 

"I al hIgh 

rigtJ r(' 7.6 .fh 'drosfotie presshlQ 
Sclremlllic IUergram oJ ) 

Rubber 
diaphragm 

5,I,rmtlric dillgrilltl of isosralic pressing 
FigUf~ 7.1 

· osition is cuI into the desired 
After press ll~g. the comP

h
. _. by turning, milling. 

.. ·rl can be ac ICVCU 
. 

madllnlll g. liS . r machining an expiosl"c 
and boring. The tedulIque o. t mated and carried QUI 
very haza rdo us and therefore 15 au 0 

Mamiftlcrure til E.'CplmJr'c( 
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!la lll ami S~:r('\1" 1';:\ lrusiu II Manufacture of pro pellant co mpositions by ram extrusioll h:l ~ been in 

opera tion for lhe last Iwo decades. '!he propellant composi tion I ~ 
loaded in to a ba rrel a nd exl l uded through a small hole under high 
pressures as shown in Figure 7.8. The disadvantage of ram ext rusion IS tha t II is a batch proccs~ :lI1d 
requires mixing of the cmnpollcn ls beforeha nd . On the other hand . 

extrusion is a co nl illll0llS process. Screw extruders ha ve been used for man} }e:lr~ in the plas ti c<; indm
and have recentl y been de\'cl oped tu mix and cxtrude cxploshc ~

:22,:~~\: which cont<llll a pol}mcric o;udcr, i.('. pol}'lIler homkd 
(PBXs). A screw ex truder i5 \cry similar to a meat -mincing 

where the powdered o r gra nul;lIcd eOlllpt'nellts go LIl OIl onc 
and are pushed alung (he barrel by II n>Iating c;crew. r ur clt pl oshc 

.o",po.s·it,;,· "" the extruder generally has two rota ting screws \'vhich ;1re 
of mixing and compacting the cxplosive I;0ll11Wl1cnts as thcy 

along the barrel. A schematic d1agrall1 (. f a I win ~I;rcw ex l Tllder j"~ 
in Figure 7.9. 

, xtru,kd explos; \'c cOll1posi(ions cOIl la in a p i li} Illcr which bill tls the 
crystals together. The po l}l11cr actl' al';111 adhc5i\c ;1IIt! hclp~ 

"pl,,,;·,ee.,,,, ,,.,,;';0 111 II' rctain its shape aner ex t I u~iol1 . 

Piston 

Sch,ma/ic dmqram tlf mill ('\Inlqllll 

Consolldatad explosive 
composition 
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Powdered 
explosive 
composition Twin screw 

extruder 

Extruded 
explosive ~ 
composition 

Figure 7.9 Schematic diagram of twin screw extrusion 

Chapter 7 

Chapter 8 

Introduction to Propellants and 
Pyrotechnics 

INTRODUCTION TO PROPELLANTS 

A propellant is an explosive material which undergoes rapid and pre
dictable combustion (without detonation) resulting in a large volume of 
hot gas. This gas can be used to propel a projectile, i.e. a bullet or a 
missile, or in gas generators to drive a turbine, i.e. torpedoes. 

In order to produce gas quickly a propellant, like a high explosive, 
must carry its own oxygen together with suitable quantities of fuel 
elements, i.e. carbon, hydrogen, etc. A homogeneous propellant (mono
propellant for liquid propellants) is where the fuel and oxidizer are in the 
same molecule, i.e. nitrocellulose, whereas a heterogeneous propellant 
(bipropellant for liquid propellants) has the fuel and oxidizer in separate 
compounds. Gun propellants are traditionally known to be homogene
ous, whereas rocket propellants are heterogeneous. 

GUN PROPELLANTS 

Performance 

Gun propellants are designed to provide large quantities of gas which is 
used to propel projectiles at high kinetic energies. The velocity of the 
projectile is dependent on the rate at which the gas is produced, which in 
turn is dependent on the amount of chemical energy released, and the 
efficiency of the gun '1 as shown in Equation 8.1. 

Mv 2 

mQ'1 =-
2 

143 



144 Chapter 8 

Therefore, v = J2~ry (8.1) 

Here v is the muzzle velocity of the projectile in m s - 1, m and M are the 
mass' of the propellant and projectile in grams, respectively, and Q is the 
amount of chemical energy released by the combustion of the propel
lants in J g- 1. The value for Q (also known as the 'Heat of Deflagration') 
can be calculated from the standard heats of formation as shown in 
Equation 8.2. 

Q = LLlUr (products) - LLl Ur (p ropellant components) (8.2) 

The amount offorce exerted on the projectile by the combustion gases is 
dependent on the quantity and temperature of the gases, as shown in 
Equation 8.3, 

RTo 
F = nRT =-=

o M (8.3) 

where F is the force exerted on the projectile in J g - 1, n is the number of 
moles of gas produced from 1 g of propellant in mol g- 1, To is the 
adiabatic flame temperature of the propellant in Kelvin, M is the mean 
molar mass of combustion gases in g mol- 1 and R is the universal gas 
constant in J mol- 1 K - 1. The value F is a useful parameter for compar
ing the performance of gun propellants and can be determined experi
mentally by burning a quantity of propellant inside a 'Closed Vessel'. 

Composition 

The compositions of gun propellants have traditionally b.een fabricated 
from nitrocellulose-based materials. These fibrous matenals have good 
mechanical properties and can be fabricated in granular or stick form 
(known as grains) to give a constant burning surface w~thout deton
ation. The size ofthe propellant grains will depend on the Size ofthe gun. 
Larger guns require larger grains which take more time .to b~rn. The 
shape of the propellant grain is also very importa~t. Grams With large 
surface areas will burn at a faster rate than those With low surface areas. 

,Examples of the different geometrical shapes of propellant grains are 
shown in Figure 8.1. . . 

Apart from the size and shape of the prop~llant grains: their compo~i
tion also plays an important role. There eXist three baSiC types of sohd 
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Cigarette Longer burning Cigarette 

Tube Multi tubular 

Slot ted c:ycl inder Ribbon 

Figure 8.1 Examples of different geometrical shapes of gun propel/ants 

gun propellant: these are known as single-base, double-base and triple
base. Ot~er types of gun propellant which are less common are high 
energy, hqUld and composite gun propellants. 

Single-base Propellants 

Sin.gle-base propellants are used in all kinds of guns from pistols to 
artllieu weapons. The composition consists of 90% or more of nitro
cellulose which has a nitrogen content of 12.5- 13.2%. The nitrocellulose 
is gelled by adding a plasticizer such as carbamite or dibutyl phthalate, 
and then extruded and chopped into the required grain shape. The 
energy content (Q value) of single-base gun propellants is between 3100 
and 3700 J g-l. 

Double-base Propellants 

In order to raise the Q value of single-base propellants and to increase 
the pressure of the gas inside the gun barrel, nitrocellulose is mixed with 
nitroglycerine to form double-base propellants. Double-base propel
lants have a Q. value of about 4500 J g-1 and are used in pistols and 
mortars. The disadvantage of double-base gun propellants is the excess-
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ive erosion of the gun barrel caused by the higher flame temperatures, 
and the presence of a muzzle flash which can be used to locate the gun. 
The muzzle flash is the result of a fuel-air explosion of the combustion 
products (i.e. hydrogen and carbon monoxide gases). 

Triple-base Propellants 

In order to reduce the muzzle flash in double-base propellants a third 
energetic material nitroguanidine is added to nitrocellulose and nitro
glycerine to form triple-base propellants. The introduction of about 
50% nitroguanidine to the propellant composition results in a reduc
tion in the temperature of the flame and an increase in the gas volume. 
Consequently, gun barrel erosion and muzzle flash are reduced, and 
there is also a slight reduction in the performance of the propellant. 
Triple-base propellants are used in tank guns, large calibre guns and 

UK Naval guns. 

Propellant Additives 

Gun propellants contain additives which are necessary to impart certain 
required properties to the propellants. The additives can be classified 
according to their functions as shown in Table 8.1. 

A given additive may be used for more than one function, for example, 
carbamite can be used as a stabilizer, plasticizer, coolant and surface 

moderant. 

High Energy Propellants 

In order to increase the velocity of gun propellants, nitroguanidine is 
replaced with RDX to form high energy propellants. High energy pro
pellants are capable of penetrating armour and are only used in tank 
guns where very high energies are required. The disadvantage of using 
high energy propellants is the extensive gun barrel erosion due to the 
high flame temperatures, and the vulnerability of the composition to 
accidental initiation which can lead to detonation. 

Liquid Propellants 

, The advantages of using a liquid propellant compared with a solid 
propellant are that it is light in weight, cheap to produce, less vulnerable 
to accidental initiation, has a high energy output per unit volume, and 

has a high storage capacity. 
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Table 8.1 E I if xamp es 0 additives used in gun propellants 

Function Additive Action 

Stabilizer Carbamite (diphenyl diethyl 
urea), methyl centralite 
(diphenyl dimethyl urea), 
chalk and diphenylamine 
Dibutyl phthalate 
carbamite and me~hyl 
centralite 

Increase shelf life of 
propellant 

Plasticizer 

Coolant 

Surface moderant 

Surface lubricant 

Flash inhibitor 

Decoppering agent 

Anti-wear 

Dibutyl phthalate, 
carbamite, methyl centralite 
and dinitrotoluene 
Dibutyl phthalate, 
carbamite, methyl centralite 
and dinitrotoluene 
Graphite 

Potassium sulfate 
potassium nitrate' 
potassium alumidium 
fluoride and sodium cryolite 
Lf:ad or tin foil, compounds 
contammg lead or tin 

Titanium dioxide and talc 

Gelation of 
nitrocellulose 

Reduce the flame 
temperature 

Reduce burning rate 
of the grain surface 

Improve flow 
characteristics 
Reduce muzzle flash 

Remove deposits of 
copper left by the 
driving band 
Reduce erosion of 
gun barrel 

Considerable research and develo me . . 
~rea and it is estimated that a Ii uid Pun nt has been ~ndertaken In thiS 
Into service in the 21st centu (L ~d propellant wIll probably come 
going development are co~· I~~I gun ~ropellants that are under
(~63%) solution of the cr st~~~~tlOns which contain a.n aqueous 
(HAN) and a 50'50 mixt. Yf ' e salt hydroxylammomum nitrate 

. ure 0 mtromethane and isopropyl nitrate. 

Composite Propellants 

Solid propellant compositions which ha b . . 
suffer from the possibl'II't,y of 'd vIe. een preVIOusly discussed all 

. . acci enta Initiaf f fi . 
~Iectnc spark, etc. Therefore attenf h IOn rom re, Impact, 
Insensitive munitions wl'tl~ 'pa t ' lOIn as turned to the development of 

. . II r ICU ar emphasis I I .. 
ammumtlOn (LOVA) LOVA II . on ow vu nerablhty 
. . prope ants contaIn RDX HM 
Inert polymeric binder and a plasticizer T . or X, an 
are less vulnerable to initiation tha 't' hllesle composite propellants 

n m roce u ose-based propellants. 
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ROCKET PROPELLANTS 

Performance 

Rocket propellants are very similar to gun propellants in that they are 
designed to burn uniformly and smoothly without detonation. Gun 
propellants, however, burn more rapidly due to the higher operating 
pressures in the gun barrel. Rocket propellants are required to burn at a 
chamber pressure of ~7 MPa, compared with ~400 MPa for gun 
propellant. Rocket propellants must also burn for a longer time to 
provide a sustained impulse. 

The specific impulse Is is used to compare the performances of rocket 
propellants and is dependent on the thrust and flow rate of the gases 
through the nozzle as shown in Equation 8.4. 

Thrust of motor 
I = ---------- --,

s Mass flow rate through nozzle 
(8.4) 

The value for Is is dependent on the velocity and pressure of the gaseous 
products at the nozzle exit. An expression for Is is given in Equation 8.5, 

(8.5) 

where F is the force constant of the propellant in J g - 1, Y is the ratio of 
specific heats for the combustion gases, Pe is the pressure at the nozzle 
exit and Pc is the pressure in the combustion chamber. The specific 
impulse is therefore dependent on the properties of the propellant and 
on the design of the propellant casing, i.e. rocket motor. 

Composition 

Like gun propellants, solid rocket propellants are manufactured in the 
form of geometrical shapes known as grains. For short range missiles 
the grains are larger and fewer in number than in a gun cartridge, and 
are designed to burn over their entire surface to give a high mass 
burning rate. For larger and longer distance missiles the rocket motor 
will only contain one or two large grains, as shown in Figure 8.2 . . 

There are two main types of solid rocket propellant: these are com
posite and double-base propellants. 
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Small rocket 
propellant grains 

One large rocket 
propellant grain 

(a) 

Combustion of 
rocket propellant 

(b) 

> 

) 
Combustion of 
rocket propellant 

( THRUST 

( THRUST 

Figure 8.2 Examples oJ the geometric structure oj a rocket propellantJor (a) 
short and (b) long range missiles 

Double-base Propellants 
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Double-base rocket propellants are homogeneous and contain nitro
cellulose plastici~ed with nitroglycerine. Their manufacturing process 
depends on the size of the propellant grain. An extruded double-base 
rocket propellant results in smaller grains and is used in' small rocket 
mo~ors, wh.ereas a cast, double-base rocket propellant produces larger 
grams and IS used in largle rocket motors. 

Composite Propellants 

Compo.site r~c~et ~ropellants are two-phase mixtures comprising a 
crystalh.ne OXidizer m a polymeric fuel/binder matrix. The oxidizer is a 
~nely-dlspersed po:vder of ~~monium perchlorate which is suspended 
m a fuel. The fu~lls. a plasticized polymeric material which may have 
r~bbery .~ropertIes (z.e. hydroxy-terminated polybutadiene crosslinked 
wlt~ a dusocyanate) or plastic properties (i.e. polycaprolactone). Com
posite rocket propellants can be either extruded or cast depending on 
~he type of fuel em~loyed. For composite propellants which are plastic 
m nature, the t~chmque of extrusion is employed, whereas for composite 
propellants.whlch are rubbery, cast or extruded techniques are used. 

Inform~tlOn on the performance of some solid rocket propellants is 
presented m Table 8.2. 
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Table 8.2 Performance of some solid rocket propellants 

Solid rocket propellant 

Double-base rocket propellant 
Nitrocellulose (13.25% N content) 
Nitroglycerine 
Plasticizer 
Other additives 

Composite rocket propellant 
Ammonium perchlorate 
Hydroxy-terminated polybutadiene 
Aluminium 
Other additives 

Ammonium perchlorate 
Carboxy-terminated polybutadiene 
Aluminium 
Other additives 

Specific impulse 
IN s kg- 1 

2000 

2400 

2600 

Liquid Propellants 

Chapter 8 

Flame 
temperature /K 

2500 

2850 

3500 

Liquid rocket propellants are subdivided into monopropellants and 
bipropellants. Monopropellants are liquids which burn III the absenc~ of 
external oxygen. They have comparativel.y low e~ergy and speCific 
impulse and are used in small missiles which reqUire low thrust. Hy
drazine is currently the most widely used monopropellant; however, 
hydrogen peroxide, ethylene oxide, isopropyl nitrate and mtrom~thane 
have all been considered or used as monopropellants. Information on 
the performance of some monopropellants is presented in Table 8.3. 

Table 8.3 Performance of some liquid rocket monopropellants 

Liquid monopropellant Chemicalformula 

Hydrogen peroxide 
Ethylene oxide 
Hydrazine 
Isopropyl nitrate 
Nitromethane 

H 20 2 
C2 H4 0 
N2H4 
C3 H 70N02 
CH3N0 2 

Specific impulse 
IN s kg- 1 

1186 
1167 
1863 
1569 
2127 

Flame 
temperature/K 

900 
1250 
1500 
1300 
2400 
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Table 8.4 Performance of some liquid rocket bipropellants 

Fuel 

Hydrogen 
Kerosene 
Methanol 
Hydrazine 
UDMH* 

Formula Specific impulse with different oxidizers 
IN s kg- 1 

Nitrogen tetroxide 

H2 2735 
(CH 2 )n 2245 
CH 30H 
N2H4 2441 
N2H2C2H 6 2686 

Oxygen 

3557 
2509 
2402 
2646 
2892 

*UDMH - unsymmetrical dimethylhydrazine 

Bipropellants consist of two components, a fuel and an oxidizer, 
which are stored in separate tanks and injected into a combustion 
chamber where they come into contact and ignite. The fuel component 
of the bipropellant indudes methanol, kerosene, hydrazine, mono
methylhydrazine and un symmetric dimethylhydrazine (UDMH). Com
mon oxidizers are nitric acid and those based on dinitrogen tetroxide 
(DNTO). Some bipropellants which are gaseous at room temperature 
need to be stored and used at low temperatures so that they are in the 
liquid state. An example of this is the bipropellant mixture of hydrogen 
and oxygen. These types ofbipropellant have very high specific impUlses 
and are used on the most demanding missions such as satellite launch 
vehicles. Information on the performance of some liquid bipropellants is 
presented in Table 8.4. 

GAS-GENERA TING PROPELLANTS 

Solid propellants can be used in systems where large quantities of gas 
are required in a very short period of time. Such systems include airbags 
for cars and ejector seats in aircrafts. The advantage of using propellant 
compositions is the speed at which the gas is generated; however, the 
gases are very hot, toxic and are prone to accidental initiation. Research 
and development is currently being undertaken in this area to produce a 
non-toxic gas which has along storage life, low flame temperature and 
which is cheap to produce. 

INTRODUCTION TO PYROTECHNICS 

The name pyrotechnic is derived from the Greek words 'pyr' (fire) and 
'techne' (an art), which dl~scribes the effect observed from a burning 
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pyrotechnic composition. These effects include the production of col
oured smoke, noise, and the emission of bright-coloured light. Pyrotech
nic compositions are also utilized in heat-generating devices, delay and 
igniter compositions. . 

Pyrotechnics are very similar to explosive and prope~lant comp~sl
tions. Explosives perform at the highest speed of reactlOn producmg 
gaseous products, propellants are gas generators and perform at a 
slower speed than explosives, and pyrotechnics react at visibly observ
able rates with the formation of solid residues. 

Pyrotechnic compositions contain a fuel and an oxidizer which is 
specifically formulated to produce a lot of energy. This ener~y is th.en 
used to produce a flame or glow (i.e. a matchstick), or combmed wlth 
other volatile substances to produce smoke and light (i .e. fireworks), or 
to produce large quantities of gas (firework rockets and bangers). 

HEAT-PRODUCING PYROTECHNICS 

Heat-producing pyrotechnic compositions are used in a variety of appli
cations, for example, as 'first fires' in pyrotechnic devices to ignite other 
materials, as primers, as heat generators in pyrotechnic heaters, as 
propellants in gas generators and rocket motors, and as incendiary 
devices. 

Pyrotechnic compositions which are ~sed in primers .or first fires a~e 
very sensitive to initiation, whereas compositions whlch are used l~ 
heat-generating devices are less sensitive. The sensitivity of the composl
tions can be controlled by reducing the amount of oxidizer and choosing 
a less sensitive oxidizer. 

Primers and First Fires 

Pyrotechnic primer compositions are often used to ignite gun propel
lants. The primer emits a burst of flame when it is struck by a metal 
firing pin, igniting the gun propellant. These primer composit!ons are 
therefore very sensitive to initiation and are capable of generatmg h~at 
and shock. In order to reduce the sensitivity during the manufactunng 
process, the composition is used in the paste form. Examples of pyro-
technic compositions used in primers are presented in Table 8.5. . 

First fire pyrotechnic compositions are used to ignite other composl
tions which are less sensitive to initiation. An example of a first fire 
composition used in fireworks is blackpowder. The blackpowder is 
moistened with water containing dextrin and poured on to the top ofthe 
firework composition as shown in Figure 8.3. 
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Table 8.5 Examples of pyrotechnic compositions used as primers 

Pyrotechnic composition 

Potassium chlorate 
Lead peroxide 
Antimony sulfide 
Trinitrotoluene 

Potassium perchlorate 
Lead thiocyanate 
Antimony sulfide 

Uses 

Percussion primer 

Stab primer 

Figure 8.3 Schematic diagram of a pyrotechnic filling for a firework 
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The fuse or blue touch-paper ignites the blackpowder which in turn 
ignites the main firework composition. Other types of first fire composi
tions include magnesium, potassium nitrate, titanium, silicon and bar
ium peroxide. First fire compositions, like primers, are very hazardous 
materials to handle and are only used in small quantities. 

Heat-generating Devices 

Pyrotechnic compositions used in heating devices ha ve a uniform burn
ing rate and do not generate large amounts of energy or gas. The 
composition is contained in a sealed unit and produces heat without the 
presence of flames, sparks and gases. These heating compositions have 
been used in heating canned food or water, in heat cartridges for 
soldering irons, in activating galvanic cells which contain solid, fusible 
electrolytes, and in the metallurgy industry to prolong the molten state 
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Table 8.6 Examples of pyrotechnic compositions used as delays 

Pyrotechnic composition 

Blackpowder 
Tetranitrocarbazole and potassium nitrate 
Boron, silicon and potassium dichromate 
Tungsten, barium chromate and potassium perchlorate 
Lead chromate, barium chromate and manganese 
Chromium, barium chromate and potassium perchlorate 

Chapter 8 

Effect 

Gassy 
Gassy 
Gasless 
Gasless 
Gasless 
Gasless 

of the metal by placing packaged slabs of the heating composition on 
top of the molten metal. Heat-generating pyrotechnic compositions 
contain zinc, zirconium or barium chromate, and manganese. They can 
be initiated by impact or friction. 

DELA Y COMPOSITIONS 

A pyrotechnic delay composition provides a predetermined time ?~lay 
between ignition and the delivery of the main effect. Delay compoSltIO~S 
are divided into two types: gasless and gassy. Gasless delays are used m 
conditions of confinement or at high altitudes, where it is important that 
variations from normal, ambient pressure do not occur. Gassy delays 
are used in vented conditions and at low altitudes. Blackpowder is used 
as a gassy delay, whereas a mixture of metal oxides or metal chromates 
with an elemental fuel are used as gasless delays. Examples of gassy and 
gasless delay compositions are presented in Table 8.6. 

The burning rate of delay compositions can be very fast (mm ms -1) or 
quite slow (mm s -1). Delay compositions which have a fast burn rate of 
greater than 1 mm ms - 1 are used in projectiles and bombs that explode 
on impact. Delay compositions which have a slow burn rate between 1 
and 6 mm S-1 are used in ground chemical munitions such as smoke 
pots, tear gas and smoke grenades. Delay compositions ~hich have 
intermediate burn rates are used in effective blasting in quarnes and salt 
mines. Here, the explosions in the boreholes are staggered to reduce 
vibration and improve fragmentation. 

SMOKE-GENERATING COMPOSITIONS 

Pyrotechnic compositions can produce a wide range of ~oloured 
smokes, such as white, black, red, green, orange, etc., dependmg upon 
the formulation. These compositions produce a great deal of gas which 
disperses the smoke. They also burn at low temperatures so as not to 
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Table 8.7 Examples of pyrotechnic compositions used as smoke generators 

Pyrotechnic composition 

Zinc dust, hexachloroethane and aluminium 
Phosphorous pentoxide and phosphoric acid 
Sulfur, potassium nitrate and pitch 
Potassium chlorate, naphthalene and charcoal 
Zinc dust, hexachloroethane and naphthalene 
Silicon tetrachloride and ammonia vapour 
Auramine, potassium chlorate, baking soda and sulfur 
Auramine, lactose, potassium chlorate and chrysoidine 
Rhodamine red, potassium chlorate, antimony sulfide 
Rhodamine red, potassium chlorate, baking soda, sulfur 
Auramine, indigo, potassium chlorate and lactose 
Malachite green, potassium chlorate, antimony sulfide 
Indigo, potassium chlorate and lactose 
Methylene blue, potassium chlorate, antimony sulfide 

Effect 

White smoke 
White smoke 
Black smoke 
Black smoke 
Grey smoke 
Grey smoke 
Yellow smoke 
Yellow smoke 
Red smoke 
Red smoke 
Green smoke 
Green smoke 
Blue smoke 
Blue smoke 

degrade the organic dyes. Examples of smoke-generating pyrotechnic 
compositions are presented in Table 8.7. 

In coloured smoke compositions, the volatile organic dye sublimes 
and then condenses in air to form small solid particles. The dyes are 
strong absorbers of visible light and only reflect certain discrete 
wavelengths of light depending upon the nature of the dye. For example, 
red dyes will absorb light in all regions ofthe visible spectrum except for 
the frequencies in the red region, which is reflected off the particles. 
Smoke-generating compositions are used in ground wind direction 
indicators, in flares, in screening and camouflaging, in special effects in 
theatres and films, and in military training aids. 

LIGHT-GENERA TING COMPOSITIONS 
The intensity of light emitted by pyrotechnic compositions is deter
mined by the temperature of the burning components which, in turn, is 
dependent on the composition. In order to generate light in the visible 
region the temperature of the reaction must be greater than 3000 K. 
Pyrotechnic mixtures which can burn at this temperature contain ni
trates and perchlorates as oxidizers, and alkaline earth metals, mag
nesium, aluminium, zirconium and titanium as fuels. Light-emitting 
pyrotechnic compositions also contain metal compounds which pro
duce spectral emissions at characteristic frequencies. 
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Coloured Light 

Red light is produced by adding strontium compounds to the pyrotech
nic mixture. At high temperatures the strontium compound breaks 
apart and reacts with the chlorine from the oxidizer [i.e. perchlorate 
(CI04:-) molecule] to form SrCI +, as shown in Reaction 8.1. 

(8.1) 

It is the SrCI + molecule which emits light in the red region of the 
electromagnetic spectrum, i.e. 600-690 nm. Green light is produced by 
adding barium compounds to the pyrotechnic mixture. Green light is 
emitted from the BaCl + molecule at 505-535 nm. Blue light is achieved 
by reacting copper compounds with potassium perchlorate to form 
CuCI + which emits light in the blue region of the visible electromagnetic 
spectrum, i.e. 420-460 nm. 

White Light 

White light is formed when pyrotechnic compositions burn at high 
temperatures. The hot, solid and liquid particles emit light in a broad 
range of wavelengths in the visible region of the electromagnetic spec
trum resulting in white light. The intensity of the light emission is 
dependent on the quantity of atoms and molecules which are excited. 
Higher temperatures result in a substantial amount of atoms and mol
ecules which are excited, resulting in a high intensity emission. In order 
to achieve these high temperatures magnesium and aluminium are used 
in the pyrotechnic mixture. Oxidation of these metals is a very exother
mic process and a substantial amount of heat is evolved. Titanium and 
zirconium metals are also good elements for white light pyrotechnic 
compositions. Examples of pyrotechnic compositions which emit white 
and coloured light are presented in Table 8.8. 

NOISE-GENERA TING PYROTECHNICS 

Bang 

Pyrotechnic compositions can produce two types of noise; a loud ex
plosive bang or a whistle. The explosive bang is achieved by placing a 
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Table 8.8 Examples of pyrotechnic compositions which emit white and coloured 
light 

Pyrotechnic composition 

Magnesium, barium nitrate and potassium nitrate 
Potassium perchlorate, barium nitrate and a binder 
Potassium perchlorate, strontium oxalate and a binder 
Potassium perchlorate, sodium oxalate and a binder 
Potassium perchlorate, copper carbonate and poly(vinyl 

choride) 
Magnesium, strontium nitrate and a binder 

Effect 

White light 
Green light 
Red light 
Yellow light 

Blue light 
Red tracer 

gas-generating pyrotechnic mixture (i.e. blackpowder) inside a sealed 
cardb?~rd tube. The pyrotechnic mixture is ignited via a fuse and large 
~uantItIes of gas are produced which eventually bursts the tube resulting 
III ~ loud bang. This principle is used in fireworks such as bangers and 
a~nal bomb shells. A louder bang can be achieved by using a pyrotech
mc flash powder which generates more gas than blackpowder and 
therefore produces a louder bang. 

Whistle 

Certain pyrotechnic compositions when compressed and burnt in an 
ope~-en~ed tube will whistle. These compositions usually contain aro
matic aCIds or their derivatives, potassium derivatives of benzoic acid 
and 2,4-dinitrophenol, picric acid and sodium salicylate. On ignition, 

First fire 

Fuse --4--. 

Figure 8.4 Schematic diagram of a whistling firework 

Standing 
wave 
increases in 
length 
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the pyrotechnic mixture burns in an uneven manner. Sma~l explosi~ns 
occur at the burning surface which gives rise to a resonatmg standmg 
wave, resulting in a whistling sound. The wavelength of the standing 
wave increases in length as the pyrotechnic composition reduces as 
shown in Figure 8.4, which results in the lowering ofthe frequency of the 
whistle. 

Pyrotechnic compositions which are capable of producing a whistling 
noise are very sensitive and hazardous to handle. 
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volume of gaseous products at stp, 

85 
Hydrazine, 150, 151 
Hydrostatic pressing, see 

Manufacture of explosives: 
pressing 

Hydroxy-terminated polybutadiene 
(HTPB), see Polymers 

Ignition, 44, 45, 58-62, 67, 68 
accidental, 27, 36 
caps, 27, 28 
by electric impUlse, 27 
by flame, 27 
by friction, 61 
hotspots, 59-62, 105 
by impact, 61, 62 
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by shock, 48 
temperature, 27, 28, 40, 45,58-62, 

67,68,109, 110,127,131,137 
measurement of ignition 

temperature, 109, 110 
pre-ignition reactions, 58, 110 
sensitivity to, 62-65 

Igniters, 66, 67, 152 
Initiation, 45, 48, 49, 51, 59, 65-67, 

95, 152 
accidental, 2, 7,15,23,27,36,39, 

146,147,151 
by electric impulse, 23, 27, 58, 66, 

67 
by electrostatic discharge, 31 
explosive trains, 65-67 
by flame, 24, 25,27, 66 
by flash, 66, 67 
by friction, 23, 25, 29,33,38, 58, 61, 

62,64,66,67 
by high temperatures, 23, 58 
by impact, 25, 30, 38, 61, 62, 64 
by percussion, 3, 29, 31,33,58,66, 

67 
by shock, 3,23,47-49 
by stabbing, 66, 67 

Insensitive explosives, 39, 43, 117, 147 
insensitive to accidental initiation, 

15,39 
insensitive to electric impUlse, 42 
insensitive to friction, 37, 62-64 
insensitive to impact, 62-65 
insensitive to shock, 115 

Insensitive munitions, 43, 147 
Isostatic pressing, see Manufacture of 

explosives: pressing 

KlO (di- and tri-nitroethyl benzene), 
14 

KDNBF (potassium 
dinitrobenzofurozan),23 

Kieselguhr, 3, 119 
Kinetics of explosive reactions, 

105-111 
activiation energy, 105, 106 
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Kinetics (continued) 
Arrhenius equation, 106, 107, 109 
collision factor, 106, 107 
measurement of kinetic 

parameters, 108-111 
rate of reaction, 106, 107 
thermal decomposition, 107, 108 

Kistiakowsky-Wilson rules, see 
Thermochemistry of explosives 

Lead azide, 19,25-28, 132, 133 
activation energy, 107 
crystal density, 26 
decomposition temperature, 26 
energy of formation, 26 
enthalpy of formation, 26 
explosive power, 86 
figure of insensitiveness, 64 
explosive reaction, 21-23 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
molecular weight, 26 
power index, 86 
preparation, 132 
properties, 25, 26 
structural formula, 25 
thermal ignition temperature, 26 
velocity of detonation, 53 

Lead mononitroresorcinate, see 
LMNR 

Lead styphnate, 23, 26, 27 
crystal density, 27 
decomposition temperature, 27 
energy of formation, 27 
enthalpy of formation, 27 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82 
heat offormation, 79 
molecular weight, 27 
power index, 86 
properties, 26, 27 
structural formula, 26 

Subject Index 

thermal ignition temperature, 27 
velocity of detonation, 53 

Lead 2,4,6-trinitroresorcinate, see 
Lead styphnate 

Liddite, 7, 17, ~3 
Liquid explosives, see Explosives 
Liquid nitroglycerine, see 

Nitroglycerine 
LMNR (lead mononitroresorcinate), 

23 
LOVA (low vulnerability 

ammunition), 147 

MAN (monomethylamine nitrate), 7 
Manufacture of explosives, 112-142 

ammonium nitrate, 43, 132, 135, 
136 

ammonium nitrate emulsion 
slurries, 136 

ammonium nitrate slurries, 135, 
136 

casting, 35, 36, 39, 52, 127, 131, 137, 
138 

commercial explosives, 135-137 
dynamite, 136, 137 
extrusion, 52, 141, 142 
HMX,129-131 
HNS, 117, 118 
lead azide, 25, 132, 133 
mercury fulminate, 133 
military explosives, 137-142 
nitration, see Nitration 
nitrocellulose, 120-123 
nitroglycerine, 29, 119, 120 
nitro guanidine, 131 
PETN, 123, 124 
picric acid, 113, 114 
pressing, 36,52,138- 140 
primary explosives, 132-134 
ram extrusion, 141 
RDX, 10,125-128 
screw extrusion, 141 
secondary explosives, 113-132 
TATB,115-117 
tetrazene, 134 

Subject Index 

tetryl, 114 
TNT, 8,114-116 

Mercury azide, 23 
Mercury fulminate, 2-4,16,23,24, 

25,28,133 
activation energy, 107 
collision factor, 107 
crystal density, 25 
decomposition temperature, 25 
energy of formation, 25 
enthalpy of formation, 25 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
molecular weight, 25 
power index, 86 
preparation, 133 
properties, 24, 25 
structural formula, 24 
thermal ignition temperature, 25 
velocity of detonation, 53 

Metriol trinitrate, see MTN 
Military explosives, see Explosives 
Mixed explosive compositions, see 

Thermochemistry of mixed 
explosives 

Modified KistiakowskY-Wilson 
rules, see Thermochemis.try of 
explosives 

Monomethylamine nitrate, see MAN 
MTN (metriol trinitrate), 14 
M uzzle flash, see Gun propeIRant 

NENAs (alkyl nitratoethyl 
nitramines), 14 

NIMMO (3-nitratomethyl-3-methyl 
oxetane),13 

Nitration, 3, 4, 9, 10, 112-134 
C-nitration, 113-118 
N-nitration,125-131 
O-nitration,119-124 

3-Nitratomethyl-3-methyloxetane, 

see NIMMO 
Nitrocellulose, 3-5, 9, 16,24,29, 

30-32,37,108,120, 123, 136, 
144-146,149 

density, 32 
energy of formation, 32 
enthalpy of formation, 32 
figure of insensitiveness, 64 
melting temperature, 32 
molecular weight, 32 
preparation, 120, 123 
properties, 30-32 
structural formula, 30 
thermal ignition temperature, 32 
velocity of detonation, 53 
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Nitroglycerine, 2-4, 16,24,29,30,37, 
51,60,69,108,119,120,135,136, 
145, 146, 149 

activation energy, 107 
collision factor, 107 
density, 30 
energy of formation, 30 
enthalpy of formation, 30 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82, 83 
heat of formation, 79 
melting temperature, 30 
molecular weight, 30 
oxygen balance, 69, 72, 77, 83 
power index, 86 
preparation, 119, 120 
properties, 29, 30 
reaction for decomposition 

prod ucts, 75 
structural formula, 29 
thermal ignition temperature, 30 
velocity of detonation, 53 
volume of gaseous products at stp, 

85 
Nitroguanidine (picrite), 9,36,37, 

131,146 
crystal density, 37 
decomposition temperature, 37 
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Nitroguanidine (continued) 
energy of formation, 37 
enthalpy of formation, 37 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
melting temperature, 37 
molecular weight, 37 
oxygen balance, 72 
power index, 86 
preparation, 131 
properties, 36, 37 
reaction for decomposition 

products, 75 
structural formula, 36 
thermal ignition temperature, 37 
velocity of detonation, 53 
volume of gaseous products at stp, 

85 
5-Nitro-1,2,4-triazol-3-one, see 

NTO 
Non-gelatine dynamite, see Dynamite 
NTO (5-nitro-1,2,4-triazol-3-one), 15 

Octogen, see HMX 
Octol, 10, 17 
Oxidation reactions, 45,69-77,82, 

83,91,92,94,98, 109, 110, 117, 
118, 156 

Oxidizer, 1, 3,45,143,149,151,152, 
155,156 

PBX (polymer bonded explosive), see 
Explosives 

Pentaerythritol tetranitrate, see 
PETN 

Pentolite, 9, 38, 123 
Pentrolit, see Pentolite 
PETN, 9, 37, 38, 123, 124, 136 

activation energy, 107 
collision factor, 107 
crystal density, 38 
energy of formation, 38 

Subject Index 

enthalpy of formation, 38 
explosive power, 86 
figure of friction, 64 
figure of insensitiveness, 64 
heat of detonation, 81, 82 
heat of explosion, 81-83 
heat of formation, 79 
melting temperature, 38 
molecular weight, 38 
oxygen balance, 72, 83 
power index, 86 
preparation, 123, 124 
properties, 37,38 
reaction for decomposition 

products, 75 
structural formula, 37 
thermal ignition temperature, 38 
velocity of detonation, 53 
volume of gaseous products at stp, 

85 
Phlegmatizers,43, 127, 131 
Picratol, 11 
Picric acid (2,4,6-trinitrophenol), 7, 8, 

32,33,108,113, 114, 157 
activation energy, 107 
collision factor, 107 
crystal density, 33 
energy of formation, 33 
enthalpy offormation, 33 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 81, 82 
heat of explosion, 81, 82 
heat of formation, 79 
melting temperature, 33 
molecular weight, 33 
oxygen balance, 72 
power index, 86 
preparation, 113 
properties, 32,33 
reaction for decomposition 

products, 75 
structural formula, 32 
thermal ignition temperature, 33 
velocity of detonation, 53 

Subject Index 

volume of gaseous products at stp, 
85 

Picrite, see NitroguanidJine 
PIPE, 11 
Plastic explosives, see Explosives 
Plasticizers, 43, 145-147" 149 

energetic, 11, 14,43 
Polymers, 11, 39,147 

binder, 11,43,60,127,141,147 
energetic, 11, 13, 43 
HTPB (hydroxy-terminated 

polybutadiene),149 
polyAMMO 

[poly(3-azidomethyl-3-methyl 
oxetane)], 13 

polyBAMO 
[poly(3,3-bis-azidomethyl 
oxetane)], 13 

polycaprolactone, 149 
polyGLYN [poly(glycidyl 

nitrate)], 13 
polymer bonded explosives (PBXs), 

see Explosives 
polyNIMMO 

[poly(3-nitratomethyl-3-methyl 
oxetane)], 13 

polystyrene, 11 
polytetrafluoroethylene (Teflon), 11 
rubber matrix, 11,38, 149 

Potassium dinitrobenzofuJrOzan, see 
KDNBF 

Power index, see Thermochemistry of 
explosives 

Pressing, see Manufacture of 
explosives) 

Primary explosives, 21-23, 24-29, 48, 
57,62,132-134 

activation energies, 106, 107 
chemical data, 24-29 
classification, 21 
collision factor, 107 
commercial, 25 
decomposition products, 21, 22 
detonation, see Detonation 
explosive power, 85, 86 

explosive trains, see Initiation 
figure of insensitiveness, 62-65 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
hotspots, see Ignition 
ignition, see Ignition 
initiation, see Initiation 
manufacture, 132-134 
power index, 86 
sensitivity to friction, 23, 63 
sensitivity to impact, 23, 63 
velocities of detonation, 23, 53 
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Primary high explosives, see Primary 
explosives 

Primers, see Pyrotechnics 
Propellants, 4, 9, 21, 24, 31, 56, 72, 78, 

89,131,143-151 
additives, 43, 146, 147 
classification, 21 
colloid, 131 
combustion of, 24, 45, 78, 143, 144, 

148 
flash less, 9, 37 
gas-generating, 151 
grains, 144, 145, 148, 149 
gun, see Gun propellant 
heat of de flag ration, 143-145 
manufacture, 141 
rocket, see Rocket propellant 

PTX-l,l1 
PTX-2,11 
Purity, 108 

contamination, 108 
degree of, 108 
degree of impurity, 10 

PVA-4,11 
Pyrotechnics, 151-158 

bang noise, 156, 157 
coloured light, 156 
compositions, 152-158 
delay compositions, 48,154 
fireworks, 152, 154-158 
first fires, 152, 153 
heating devices, 153,154 
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Pyrotechnics (continued) 
heat-producing pyrotechnics, 

152-154 
light-generating compositions, 155, 

156 
noise-generating compositions, 

156-158 
primers, 153 
sensitivity, 152 
smoke-generating compositions, 

154, 155 
whistle noise, 157, 158 
white light, 156 

Ram extrusion, see Manufacture of 
explosives: extrusion 

Rate of reaction, see Kinetics 
RDX (cyclotrimethylenetrinitramine), 

9-11,23,36,38,39,98-104, 
125-128,146,147 

activation energy, 107 
collision factor, 107 
crystal density, 39 
decomposition temperature, 39 
energy of formation, 39 
enthalpy of formation, 39 
explosive power, 86 
figure of friction, 64 
figure of insensitiveness, 64 
heat of detonation, 80-83, 103 
heat of explosion, 80-83, 103, 104 
heat of formation, 79 
melting temperature, 39 
molecular weight, 39 
oxygen balance, 71, 82, 83 
power index, 86 
preparation, 125-127 
properties, 38, 39 
reaction for decomposition 

products, 23,75,77,98-102 
structural formula, 38 
temperature of explosion, 87-89, 

104 
thermal ignition temperature, 39 
velocity of detonation, 53 

Subject Index 

volume of gaseous products at stp, 

A8~85 I::l. dOJ>Vo 10 
R:W<:7fm"" mlXture, S9-93 

atomic composition, 89, 90 
heat of detonation, 92 
heat of explosion, 92 
heat offormation, 92 
oxygen balance, 91 
reaction for decomposition 

products, 91, 92 
volume of gaseous products at stp, 

92,93 
RIPE, 11 
Rocket propellants, 29, 31, 44, 78, 

148-151 
additives, 43 
cast, 148 
composite, 149, 150 
composition, 148- 151 
double-base, 31,149 
extruded, 149 
grains, 148, 149 
liquid bipropellant, 150, 151 
liquid monopropellant, 150, 151 
performance, 148 
specific impulse, 148 

O .. t~rust, 148 . () . 2 
1'\jr\fA' .94o..d tt~'" 
Screw extrusion, see Manufacture of 

explosives: extrusion 
Secondary explosives, 23, 24, 29-43, 

113-132 
activation energies, 106, 107 
chemical data, 29-42 
classifica ti on, 21 
collision factor, 107 
detonation, see Detonation 
explosive power, 33, 35, 39, 40, 

85 
figure of friction, 62-64 
figure of insensitiveness, 62-65 
heat of detonation, 78-83,92 
heat of explosion, 78-83, 92, 

99-104 
heat offormation, 77, 78 

Subject Index 

ignition, 61, 62 
initiation, 48, 57, 66, 107 
manufacture, 113-132 
oxygen balance, 72, 83 
power index, 85 
reaction for decomposition 

products, 74-76, 91, 92, 98-102 
sensitivity to friction, 63 
sensitivity to impact, 63 
temperature of explosion, 87, 88, 

104 
velocities of detonation, 24, 53 

Secondary high explosives, see 
Secondary explosives 

Semi-gelatine dynamite, see 
Dynamite 

Semtex,11 
Sensitiveness, 27,38,40 

insensitiveness, see Figure of 
insensitiveness 

Sensitivity, 3, 11,43,68,107,115, 136, 
158 

desensitizing, 25, 31, 39,120 
to electric discharge, 23, 27,31 
to friction, 23, 25, 28, 33, 38, 62-64, 

139 
to heat, 23 
to impact, 9, 25, 28, 30, 33, 38, 

62-65 
to initiation, 23, 25, 27, 30, 31, 33, 

34,37,43,120,127, 13Jl, 152 
to percussion, 28,31,33 
to shock, 23 

Shattering effect, see Brisance 
Shelf life, 25, 38, 107, 108, 1115 
Shockwave, see Detonation: 

detonation shockwave 
Silver azide, 27, 28 

activation energy, 107 
crystal density, 28 
melting temperature, 28 
properties, 27, 28 
molecular weight, 28 
structural formula, 27 
thermal ignition temperature, 28 
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Slurry explosive, see Explosives 
SpringalI Roberts rules, see 

Thermochemistry of explosives 
Stability, 4, 30, 107 

chemical, 9, 31, 35, 39, 40 
dimensional, 138 
instability, 4 
thermal, 31, 35, 41, 67, 68 

TATB (1,3,5-triamino-2,4,6-
trinitrobenzene), 14,40,41,68, 
115-117 

crystal density, 41 
decomposition temperature, 41 
energy of formation, 41 
enthalpy offormation, 41 
explosive power, 86 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
melting temperature, 41 
molecular weight, 41 
oxygen balance, 72 
power index, 86 
preparation, 115-117 
properties, 40, 41 
reaction for decomposition 

products, 75 
structural formula, 40 
thermal ignition temperature, 

41 
velocity of detonation, 53 
volume of gaseous products at stp, 

85 
Teflon (polytetrafluoroethylene), see 

Polymers 
Temperature of explosion, see 

Explosions 
Tetrazene (tetrazolyl guanyltetrazene 

hydrate), 26, 28, 29, 134 
crystal density, 29 
decomposition temperature, 29 
energy of formation, 29 
enthalpy offormation, 29 



172 

Tetrazene (continuec£) 
figure of insensitiveness, 64 
preparation, 134 
properties, 28, 29 
molecular weight, 29 
structural formula, 28 
thermal ignition temperature, 29 

Tetryl (2,4,6-trinitrophenylmethyl-
nitramine), 8, 33, 34, 108, 114 

activation energy, 107 
collision factor, 107 
crystal density, 34 
decomposition temperature, 34 
energy of formation, 34 
enthalpy of formation, 34 
explosive power, 86 
figure of friction, 64 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82 
heat of formation, 79 
melting temperature, 34 
molecular weight, 34 
oxygen balance, 72 
power index, 86 
preparation, 114 
properties, 33, 34 
reaction for decomposition 

products, 75 
structural formula, 33 
thermal ignition temperature, 34 
velocity of detonation, 53 
volume of gaseous products at stp, 

85 
Tetrytol, 11 
Tetrazolyl guanyltetrazene hydrate, 

see Tetrazene 
TGA, 110, 111 
Thermal decomposition, see 

Decomposition 
Thermal gravimetric analysis, see 

TGA 
Thermochemistry of explosives, 

69-89 
decomposition reactions, 72-76 

Subject Index 

equilibrium reactions, see 
Equilibria of explosive reactions 

explosive power, 85 
heat of atomization, 77, 78 
heat of combustion, 77, 94 
heat of deftagration, 77 
heat of explosion, 78-83 
heat of formation, 77, 78 
Hess's Law, 80, 81 
Kistiakowsky-Wilson rules, 

73-75 
modified Kistiakowksy-Wilson 

rules, 74, 75 
oxygen balance, 69-74, 77, 82, 83 
power index, 85, 93 
Spring all Robert rules, 75, 76 
temperature of explosion, 85-89 
volume of gaseous products at stp, 

83-85 
Thermochemistry of mixed 

explosives, 89-94 
atomic composition, 89, 90 
decomposition reaction, 91, 92 
energized explosives, 93, 94 
heat of explosion, 92 
Hesss Law, 92 
oxygen balance, 91 
volume of gaseous products at stp, 

92,93 
TNAZ (1,3,3-trinitroazetidine), 15 
TNT (2,4,6-trinitrotoluene), 8-11, 

34--36, 38, 43, 68, 114, 115, 118, 
127, 131, 132, 135-137 

activation energy, 107 
collision factor, 107 
crystal density, 36 
energy of formation, 36 
enthalpy offormation, 36 
explosive power, 86 
figure of friction, 64 
figure of insensitiveness, 64 
heat of detonation, 82 
heat of explosion, 82, 83 
heat of formation, 79 
melting temperature, 36 

Subject Index 

molecular weight, 36 
oxygen balance, 69-72, 83 
power index, 86 
preparation, 114, 115 
properties, 34--36 
reaction for decomposition 

products, 74-76 
structural formula, 34 
thermal ignition temperature 

36 ' 

velocity of detonation 5~1 

volume of gaseous pr~d~cts at stp 
84,85 ' 

TNT/RDX mixture, see RDX/TNT 
mixture 

Torpex, see Aluminium 
1,3,5-Triamino-2,4,6-trinitrobenzene 

seeTATB ' 
Triaminotrinitrobenzene, see T A TB 
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1,3,3-Trinitroazetidine, see TNAZ 
2,4,6-T rini trophen ylmeth ylni tramine, 

see Tetryl 
Trinitroresorcinate, see Lead 

styphnate 
2,4,6-Trinitrophenol, see Picric acid 
2,4,6-Trinitrotoluene, see TNT 
Triple-base propellant, see 

Propellants 
Tritonal, see Aluminium 

Velocity of detonation, 23, 24, 
51-55 

effect of density, 51-53 
effect of diameter, 54, 55 
effect of explosive material, 55 

Volume of gaseous products of 
explosion at stp, 83, 85, 92, 93, 
108, 143-146 
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