


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,)] 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.

1



2 Chapter 1

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;H;04(NO,);]. 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),] 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.

H
H-C-0-NO,
H-C-0-NO,
H-C-0-NO,
H
1.1)

Development of Mercury Fulminate

Mercury fulminate was first prepared in the 17th century by the
Swedish—German alchemist, Baron Johann Kunkel von Lowenstern.
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 Schonbein at Basel and
Bottger 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 Schonbein in 1846, and in the same year by
Bottger 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 Schonbein 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,NO,). 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
explosives which 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) (C4H;N;0-)] 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 Brugeére 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.

OH
O;N NO,

NO,
12)

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.

H;C.  NO,
\N/

O,N NO,

NO,
(1.3)

Development of TNT

Around 1902 the Germans and British had experimented with trinitro-
toluene [(TNT) (C,HsN;Oq)], 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 L.

CH;,
O,N NO,

NO,
(14)
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,N,O,) 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;H{NO)] also
called Cyclonite or Hexogen, and pentaerythritol tetranitrate [(PETN)
(CsHgN,Oy,)]-

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 I1. 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.

\o:
N
~
H,C \(|:H2
OzN—1\|I N-NO
~N . 2
CH;
(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,H¢gNgOq)], became available at
the end of World War II. In 1952 an explosive composition called



Introduction to Explosives

Table 1.1 Examples of explosive compositions used in World War I1

Name

Composition

Baronal
Composition A
Composition B

Barium nitrate, TNT and aluminium
88.3% RDX and 11.7% non-explosive plasticizer
RDX, TNT and wax

(cyclotol)
- 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.
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Table 1.2 Examples of PBX compositions, where HM X 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 Glycidyl nitrate 0\
(monomer) sz—CH—Cl'leNOz
. . CH,ONO
olyGLYN Poly(glycidyl nitrate 2 2
poly y(glycidy ) —CH,—CH-0 -
H;C CH,ONO
NIMMO 3-Nitratomethyl-3-methyl d AN ? 2
(monomer) oxetane C
< N
H, S CH,
(]
polyNIMMO Poly(3-nitratomethyl-3- HyC CH,0NO,
methyl oxetane) —t—0-CH,—C—CH,—};—
GAP Glycidyl azide polymer CH;N;
—{—CHz—éH—O—]n—
AMMO 3-Azidomethyl-3-methyl H;C CH;N;
(monomer) oxetane \C/
AN
H2< CH,
0
PolyAMMO Poly(3-azidomethyl-3-methyl H;C CH,N;
oxetane)
——0-CH;~C~CHy—}5—
BAMO 3,3-Bis-azidomethyl oxetane N3H,C CH,N;
(monomer) \C
AN
H2< CH,
PolyBAMO Poly(3,3-bis-azidomethyl Y
(monomer) oxetane) N;H,C CH,N;

——0—CH,—C=CH,— 4
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Table 1.4 Examples of energetic plasticizers

Common name Chemical name Structure
NENAs Alkyl nitratoethyl 1?02
nitramines R-N-CH,—CH,0NO,
EGDN Ethylene glycol dinitrate 0,NOH,C—CH,0NO,
MTN Metriol trinitrate CH,0NO,
H;C—-C—CH,0NO,
H,ONO,
BTTN Butane-1,2,4-triol ONO,
trinitrate 0,NOH,C~CH-CH,—CH,0NO,
K10 Mixture of di- and C,H; C,Hg
tri-nitroethylbenzene NO, O,N NO,
and
NO, NO,
BDNPA/F  Mixture of 02N NQz OoN, NO;
bis-dinitropropylacetal H;C® “cH,cH,cH,CH,
and and
bis-dinitropropylformal O;N_ NO, O;N_NO,
C ol

s N LN

H;C " CH,C" ‘CH,CH,
Hj;

Heat-resistant Explosives

More recent developments in explosives have seen the production of
hexanitrostilbene [(HNS) (C,,H¢N;O;,)] in 1966 by Shipp, and
triaminotrinitrobenzene {(TATB) [(NH,);C4(NO,),]} 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 Ox\C_NI;I
L-NO,
4
‘N
. .. . NO,
ADN Ammonium dinitramide NH.* N
4 .
NO,
NO,
TNAZ 1,3,3-Trinitroazetidine I
H,C. 'CH,
O,N" 'NO,
CL-20 2,4,6,8,10,12-Hexanitro- O,N. //CH\ _NO,
2,4,6,8,10,12-hexa- o.N_ e Yo
azatetracyclododecane 2 \I\E/H Nég 2
/
N/%H— H\
N
NO/ \Noz

2

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 Schonbein and Bottger 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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Classification of Explosive Materials

EXPLOSIONS

An explosion occurs when a large amount of energy is sudder_ﬂy re-
leased. This energy may come from an over-preslsunzed steam bOllel?. or
from the products of a chemical reaction involving explosive materials,
or from a nuclear reaction which is uncontrollefi. In order for an
explosion to occur there must be a local accumulanpn of energy at the
site of the explosion which is suddenly released. 'i‘_hjs release of energy
can be dissipated as blast waves, propulsion of debris, or by the emission
ermal and ionizing radiation. ' .
0['tlijhese types of explgsion can be di‘.lided_ into thrm;: groups; Physmal
explosions such as the over-pressurized steam' boiler, chFrlmcal ex-
plosions as in the chemical reactions of explosive compositions, and

atomic explosions.

Atomic Explosions

The energy produced from an atomic of nllclta,a} explosion is a million to
a billion times greater than the energy I?mduccd. from a _cht_amlcal
explosion. The shockwaves from an atonnqg?xploslon are similar to
those produced by a chemical explosion butwﬂl lgst longer and have a
higher pressure in the positive pulse and a quer pressure in Fhe negatllve
e. The heavy flux of neutrons produced from an atomic explosion
osion, whereas those who are

(11N NATIMEU

phas )
would be fatal to anybody near the expl

__as carbon and hyd
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Physical Explosions

A physical explosion can arise when a substance whilst being com-
pressed undergoes a rapid physical transformation. At the same time,
the potential energy of the substance is rapidly transformed into kinetic
energy, and its temperature rises rapidly, resulting in the production of a
shockwave in the surrounding medium.

An example of a physical explosion is the eruption of the Krakatoa
volcano in 1883. During this eruption a large quantity of molten lava
spilled into the ocean causing about | cubic mile of sea water to
vapourize. This rapid vaporization created a blast wave which could by
heard tip to 3000 miles away.

Chemical Explosions

A chemical explosion is the result of a chemical reaction or change of
state which occurs over an exceedingly short space of time with the
generation of a large amount of heat and generally a large quantity of
gas. Chemical explosions are produced by compositions which contain
explosive compounds and which are compressed together but do not
necessarily need to be confined. During a chemical explosion an ex-
tremely rapid exothermic transformation takes place resulting in the
formation of very hot gases and vapours. Owing to the extreme rapidity
of the reaction (one-hundredth of a second), the gases do not expand
instantaneously but remain for a fraction of a second inside the con-
tainer occupying the volume that was once occupied by the explosive
charge. As this space is extremely small and the temperature of ex-
plosion is extremely high (several thousands of degrees), the resultant
pressure is therefore very high (several hundreds of atmospheres) - high
enough to produce a ‘blast wave’ which will break the walls of the
container and cause damage to the surrounding objects. If the blast
wave is strong enough, damage to distant objects can also occur.

The types of explosion described in this book are based on the
explosions caused by the chemical reaction of explosive compositions.

CHEMICAL EXPLOSIVES

The majority of substances which are classed as chemical explosives
generally contain oxygen, nitrogen and oxidizable elements (fuels) such
en. The oxygessiemansss :







TNT, RDX, PETN, Tetryl, etc

rabs Chapter 2 Classification of Explosive Materials 23
groups. If these groups decompose simultaneously, the decomposition
of 22 Ny ions may occur. Thus the rapid transition of lead azide to
detonation may be accounted for by the fact that decomposition of a
small number of molecules of lead azide may induce an explosion in a
sufficiently large number of N; ions to cause the explosion of the whole
mass.

Primary explosives difler considera bly in their sensitivity to heat and
in the amount of heat they produce on detonation. The heat and shock
on detonation can vary but is comparable to that for secondary explo-
sives. Their detonation velocities are in the range of 3500-5500 m s~ !,

Primary explosives have a high degree of sensitivity to initiation
through shock, friction, electric spark or high temperatures and explode
whether they are confined or unconfined. Typical primary explosives

Double-base, Composite, Liquid fiiels

and Oxidizers, etc

-

Doubfe—?mu, Triple-base,

r, efc

Gelatines, Powders, Permitted explosives,
ANFO, Emulsion siurries, etc . z

it

| Singte-base,

'| Blackpowde

» Mercury fulminate,

2

Military Explosives

which are widely used are lead azide, lead styphnate (trinitroresorci-
nate), lead mononitroresorcinate (LMNR), potassium dinitrobenzo-
furozan (K DNBF), barium styphnate and potassium perchlorate. Other
primary explosive materials which are not frequently used today are
mercury azide, potassium chlorate and mercury fulminate.
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SECONDARY EXPLOSIVES

Commercial Expl
" T

Secondary explosives (also known as high explosives) differ from pri-

Lead azide, Lead styphnate

Tetrazene, etc

mary explosives in that they cannot be detonated readily by heat or

Primary

Explosives
Secondary

shock and are generally more powerful than primary explosives. Sec-
ondary explosives are less sensitive than primary explosives and can
only be initiated to detonation by the shock produced by the explosion
of a primary explosive. On initiation, the secondary explosive composi-
tions dissociate almost instantaneously into other more stable com-

Figure 2.1 Classification of explosive substances

Explosives
Propellants -

Chemical
Explosives™

ponents. An example of this is shown in Reaction 2.4.

C,H,N,O, - 3CO + 3H,0 + 3N, (2.4)

RDX(C;HgN,O,) will explode violently if stimulated with a primary
explosive. The molecular structure breaks down on explosion leaving,
momentarily, a disorganized mass of atoms. These immediately recom-
bine to give predominantly gaseous products evolving a considerable

Commercial Chemical Products for

Non-explosive

amount of heat. The detonation is so fast that a shockwave is generated
that acts on its surroundings with great brisance (or shattering efTect)
before the pressure of the exerted gas can take effect.

Some secondary explosives are so stable that rifle bullets can be fired
through them or they can be set on fire without detonating. The more

*Pyrotechnic compositions can also be classed as chemical cxplésiva

stable explosives which detonate at very high velocities exert a much
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greater force during their detonation than the explosive materials used
to initiate them. Values of their detonation velocities are in the range of
5500-9000 m s~ p¥ i w and ko

Examples of secondary explosives are TNT, tetryl, picric acid, nitro-
cellulose, nitroglycerine, nitroguanidine, RDX, HMX and TATB.
Examples of commercial secondary explosives are blasting gelatine,
guhr dynamite and 60% gelatine dynamite.

PROPELLANTS

Propellants are combustible materials containing within themselves all
the oxygen needed for their combustion. Propellants only burn and do
not explode; burning usually proceeds rather violently and is accom-
panied by a flame or sparks and a hissing or crackling sound, but not by
a sharp. loud bang as in the case of detonating explosives, Propellants
can be initiated by a flame or spark, and change from a solid to a
gaseous state relatively slowly, i.e. in a matter of milliseconds. Examples
of propellants are blackpowder, smokeless propellant, blasting explos-
ives and ammonium nitrate explosives, which do not contain nitro-
glycerine or other aromatic nitro compounds.

CHEMICAL DATA ON EXPLOSIVE MATERIALS
Primary Explosives

Mercury Fulminate

) i o '?"_i','ﬂ_':'-if:'- Ve LR A B .
Mercury fulminate (C,N,0,Hg) (2:1).is obtained by treating a solution
of mercuric nitrate with alcohol in nitric acid.
f5 5 ~=_=‘ﬂ';;:'?};i-§:;ﬁ sl
(C=NO),Hg -~ =
PLHL 4 [ U

This reaction, together with iggqug‘g}l‘g@)h@sjbeen studied by a number
of chemists, including Liebig,;whg, gaye an accotint of the elementary
chemical composition of fl't_i!l‘i"i.lit;t_éi.“l‘e;'i %ﬁg@_@'&ghe mechanism of the
reaction which results in thq‘.fpnﬂgtjgﬁfoﬁmgi'cury fulminate was re-
ported by Wieland and by Solonina in {909 and 1910, respectively.
The most important explosive property,of mercury fulminate is that
after initiation it will easilylde‘t_on&le, Dt_l,t!‘:et_onation, it decomposes to
stable products as shown in Reaction 2.5. .

(CNO),Hg — 2CO + N, + Hg (2.5)
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Table 2.2 Properties of mercury fulminate

Explosive material

Characteristics

Colour Grey, pale brown or white
crystalline solid

Molecular weight 284.0

Decomposition temperature/ € S0

Thermal ignition temperature/ € 170

Crystal density at 20 'C/gem *? 442

Energy of formation/kJ kg ™' +958

Enthalpy of formation/kJ kg ™' 941

Mercury fulminate is sensitive Lo impact and [riction, and is easily
detonated by sparks and flames. It is desensitized by the addition of
water but is very sensitive (o sunlight and decomposes with the evo-
lution of gas. Some of the properties ol mercury fulminate are presented
in Table 2.2

Lead Azide

Lead azide (PbN,,) (2.2) was lirst prepared by Curtius in 1891,

N::N'F:N =
4
Ph
N=N"=N"
(2.2)

Cuttius added lead acetate Lo a solution of sodium or ammonium azide
resulting in the formation of lead azide. In 1893, the Prussian Govern-
ment carried out an investigation into using lead azide as an explosive in
detonators, when a fatal accident occurred and stopped all experimental
work in this area. No further work was carried out on lead azide until
1907 when Waohler suggested that lead azide could replace mercury
fulminate as a detonator. The manufacture of lead azide for military and
commercial primary explosives did not commence until 1920 because of
the hazardous nature of the pure crystalline material.

Lead azide has a good shelflife in dry conditions, but is unstable in the
presence of moisture, oxidizing agents and ammonia. It is less sensitive
to impact than mercury fulminate, but is more sensitive to friction. Lead
azide is widely used in detonators because of its high capacity for
initiating other secondary explosives to detonation. On a weight basis, it
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Table 2.3 Properties of lead azide

Characteristics Explosive material

Colour Colourless to white crystalline
solid
Molecular weight 291.3
Deccomposition temperature/°C ' 190
Thermal ignition temperature/°C 327-360
Energy of formation/kJ kg ™! + 1450
Enthalpy of formation/kJ kg ™" + 1420
Crystal density at 20°C/gem 3
a-form orthorhombic 4.17
f-form monoclinic 493

Loaegp: It

is superior to mercury fulminate in this role. However, since lead azide is
not particularly susceptible to initiation by impact it is not used alone in
initiator components. Instead, it is used with lead styphnate and alumin-
ium (ASA mixtures) for military detonators, in a mixture with tetrazene,
and in a composite arrangement topped with a more sensitive composi-
tion.

Lead azide can exist in two al]olrcplc forms; the more stable a-form
which is orthorhombic, and the f-form which is monoclinic. The a-form
is prepared by rapidly stirring a soiutlon of sodium azide with a solution
of lead acetate or lead nitrate, wheteas the p-form is prepared by slow
diffusion of sodium azide in lead nitrate solutions. The f-form has a
tendency to revert to the a-form when its crystals are added to a solution
containing either the a-form crystals or a lead salt. If the f-form crystals
are left at a temperature of ~ 160°C they will also convert to the a-form.
Some of the properties of lead azide are presented in Table 2.3.

{
i __._,:i"'

Lead S t');ph;mte
Lead styphnate (2.3), also’ knowﬂhﬂéﬂead 2,4,6-trinitroresorcinate
(C¢H;3N;04Pb), is usually prepared by addihg a solution of lead nitrate
to magnesium styphnate. Lead styphnate is practically insoluble in
water and most organic solvents. It is very stable at room- and elevated-
temperatures (e.g. 75°C) and is fion-hygfoscopic. Lead styphnate is
exceptionally resistant towards nuclear 'tadiation and can easily be
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Table 2.4 Properties of lead styphnate (lead 2. 4.6-trinitroresorcinate)

Characteristics Explosive material

Colour Orange-yellow to dark brown
crystalline solid

Molecular weight 468.3

Decomposition temperature/ C 235

Thermal ignition temperature/ C 267 - 208

Crystal density at 20°C/gem ~* 3.06

Energy of formation/klkg ' 1785

Enthalpy of formation/kJ kg™ — 1826

ru2t 1,0

(2.3)

discharge by adding graphite, but so far this has been unsuceessful and
Jead styphnate continues to be very dangerous to handle.

Lead styphnate is a weak primary explosive because of its high met tal
content (44.5%) and therefore is not used in the filling of detonators. Itis
used in ignition caps, and in the ASA (i.e. lead azide, lead styphnale and
aluminium) mixtures for detonators. Some of its propertics are shown in

Table 2.4.

Silver Azide
Silver azide (AgN,) (2.4) is manufactured in the same way as lead azide,
by the action of sodium azide on silver nitrate in an aqueous solution.

AgN=N =N~
(2.4)

ignited by a flame or #lertric anark Tticverveengitive to the dischare .-[
are lell a1 a IEmperatare or ~ (8u°C they will also convert to the a-form. :
Some of the properties of lead azide are presented in Table 2.3.

s..l!
N B

used 1n 1gniuon caps, and In e AJMA [LE, 18aU QLIUT, 1Tau dLy pria e
aluminium) mixtures for detonators. Some of its propertics are shown in

Table 2.4.
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Table 2.7 Properties of nitroglycerine

Chapter 2

Characteristics

Explosive material

Colour Yellow oil
Molecular weight 227.1
Melting temperature/"C 13
Thermal ignition temperature/°C 200
Density at 20 "C/gem ~* 1.59
Energy of formation/kJ kg ™" —1547
Enthalpy of formation/kJ kg ™" —1633

principal component of explosive powders and solid rocket propellants.

Nitroglycerine is toxic to handle; causes headaches, and yields toxic
products on detonation. It is insoluble in'water but readily dissolves in
most organic solvents and in a large number of aromatic nitro com-
pounds, and forms a gel with nitrocellulose. The acid-free product is
very stable, but exceedingly sensitive to impact: Some of the properties
of nitroglycerine are presented in Table 2.7, .

Nitrocellulose
Nitrocellulose (2.7) was discovered By C:F_. Schénbeim at Basel and R.
Bottger at Frankfurt-am-Maiti during'1845-47, The stability of nitro-
cellulose was improved by Abel in 1865 and its detonation properties
were developed by Abel’s assistant, Brown. /'
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The name, nitrocellulose does noi;'re_fer.to a single type of molecular
compound but is a generic term derioting a family of compounds. The
customary way to define itsicomposition is:to express the nitrogen
content as a percentage by weight. The nuiber of nitrate groups present
in nitrocellulose can be calculated using Equation 2.1, where N is the
percentage of nitrogen calculated from chemical analysis.
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16N o

¥ = 400 — 45N

If the structure for the unit cell of cellulose (2.8) is written as
CH,0,(0OH);, then  nitrocellulose  can  be wrilten  as
C,H,0,(0OH)(ONQ,),, wherex + y = 3.

CH,O1
—0

(2.8)

A product containing on - average fwo nitrate  groups,  f.e.
[C¢H,0,(OH),(ONO,), |, will contain 11.11% nitrogen as shown in

Equation 2.2.

T .
1400 — 45N
21400 — 45N) = 162N
2800 — 90N = 162N
(1.1 =N (2.2)

A product containing three nitrate groups, ie. [C H,0,(ONO,), ], will
therefore contain 14.14% nitrogen. In practice, nitrocellulose composi-
tions used in explosive applications vary from [0 to 13.5% of nitrogen.

Nitrocellulose materials prepared from cotton are fluffy white solids,
which do not melt but ignite in the region of 180 °C. They are sensitive to
initiation by percussion or electrostatic discharge and can be desensitiz-
ed by the addition of water. The thermal stability of nitrocellulose
decreases with increasing nitrogen content. The chemical stability of

" nitrocellulose depends on the removal of all traces of acid in the manu-

facturing process. Cellulose is insoluble in organic solvents, whereas
hitrocellulose dissolves in organic solvents to form a gel. The gel has
good physical properties due to the polymeric nature of nitrocellulose,
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‘Table 2.8 mewrn’us of nitrocellulose

Characteristics Explosive material

White fibres
3242 + %N/14.14
Does not melt
190
. 167 max value by pressing

Colour

Molecular weight of structural unit
Melting temperature/°C

Thermal ignition temperature/°C
Density at 20 °C/gem —*

Energy of formation/kJ kg~ !

13.3% Nitrogen —2394
13.0% Nilrogen —2469
12.5% Nitrogen —2593
12.0% Nitrogen -2719
11.5% Nitrogen —2844
11.0% Nitrogen 1 —2999
Enthalpy of formation/kJ kg~ 1 '
13.3% Nitrogen 1y ¢ —2483
13.0% Nitrogen —2563
12.5% Nitrogen i —2683 i
12.0% Nitrogen —2811
11.5% Nitrogen —2936
11.0% Nitrogen 5 3094 (¢

and is an essential feature of gun propellants, double-base rocket pro-
pellants, gelatine and semi—gcldtili_g_gé,n_lmercial blasting explosives.
Some of the properties of nitroceilullosé are presented in Table 2.8.

PicrigAcid g,
Glauber in 1742 reacted nitridva_cid with wool or horn and produced
picric acid in the form of lead'or” pbtassium picrate. In 1771, Woulfe
prepared picric acid by trealing_-indigo"'-ivith nitric acid, and in 1778

Haussmann isolated picric acid,--._a__lsog known :as 2,4,6-trinitrophenol

(CoH3N;0,) (29).

i

ek
! ‘,.h,

0,N

\

(29} it 85

Other early experimenters obtained ' picric acid by nitrating various
organic substances such as silk, natural resins, etc. The correct empirical
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Table 2.9 Properties of picric acid (2.4.0-

13

trinitrophenol)

Characteristics

Dbt il = =SS
Colour

Molecular weight

Melting temperature/ C
Thermal ignition temperature/ C
Crystal density at 20°C/gem
Energy of formation/kJ kg '
Enthalpy of formation/kJ kg

Explosive material

Yellow crystalline solid
229.1

122.5

300

1.767

— 8738

—9443

formula for picric

ether, benzene and acetone, and is a
attacks common metals, except for

the velocity of detonation.

shells. The filling of mines and gren

(GHN5Og)
determined by Romburgh in 1883.

i
*

pared the acid by reacting phenol with nitric
tophenol which was formed in an intermediate stage of the reaction.
Picric acid is a strong acid, very toxic, soluble in hot water, alcohol,

wiPictit Acid was used in grenade and mine fillings
{6 fori itnpact-sensitive metal salts (picrates) with the metal walls of the

acid was determined by Laurent in 1841 who pre-

acid and isolated dinit-

fast yellow dye for silk and wool. It
aluminium and tin, and produces

salts which are very explosive. The explosive power of picric acid is
somewhat superior L0 that of TNT, both with regard to the strength and

and had a tendency

ades was also a hazardous process,

since relatively high temperatures were needed to melt the picric acid.
Some of the properties of picric acid are presented in Table 2.9.

Tetryl
also known as 2‘4,6-trinitmphenylmethylnilramine
was first obtained by Mertens in 1877 and its structure

,C. NO;
L
O,N NO,
NO,
(2.10)

Tetryl has been used as an explosive since 1906. In the early part of this
céritury it was frequently used as the base charge of blasting caps but is
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Table 2.10 Properties of tetryl

Explosive material

Characteristics

Colour Light yellow crystalline solid
Molecular weight 287.1

Melting temperature/°C 129.5

Decomposition temperature/°C 130

Thermal ignition temperature/°C 185

Crystal density at 20°C/gem ™3 1.73

Energy of formation/kJ kg ™! +195.5

Enthalpy of formation/kJ kg ! +117.7

jagest
now replaced by PETN or RDX Durmg World War Il, it was used as a
component of explosive mixtures.

Tetryl is a pale yellow, crystalline solid with a melting temperature of
129°C. Itis moderately sensitive to initiation by friction and percussion,
and is used in the form of pressedpellets ias pnmers for explosive
compositions which are less sensitive to, initiation. It is slightly more
sensitive than picric acid, and conmderably more sensitive than TNT.
Tetryl is quite toxic to handle and is now being replaced by RDX and
wax (called Debrix). Some of the properties of tetryl are presented in

Table 2.10.

INT

Trinitrotoluene (C,H;N;O4) can exist as six different isomers. The
isomer that is used in the explosives industry is the symmetrical isomer
2,4 6-trinitrotoluene (2.11). For convenience, the 2,4,6-isomer will be
referred to in this book as TNT.

TNT was first prepared in 1863 'l:'iy Wilbrand and its isomers dis-

covered in 1870 by Beilstein and Kuhlberg. Pure TNT (2,4,6-trinitro:
toluene isomer) was prepared by Hepp in 1880 and its structure deter-
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Table 2.11 Summary of the development of TN T (2.4.6-rrinftrotoluenc)
throughout the 19th and 20th centuries

Date Developments
2
; 1837 Pelletier and Walter first prepared toluene.
s. 1841 Mononitrated toluene was prepared.
1863 Wilbrand prepared erude TNT.
1870 Beilstein and Kuhlberg discovered the isomer
2,4 5-trinitrotoluene.
1880 Hepp prepared pure TNT (2.4,6-trinitrotoluenc).
1882 The 2,3 4-trinitrotoluene isomer prepared.
1883 Claus and Becker determined structure of 2.4.6-trinitrotoluene
1891 TNT was manufactured in Germany.
1899 Aluminium was added to TNT for use as explosives.
1900 | Improved production of raw malterials for TNT therefore
reducing its cost.
1902 TNT replaced picric acid in the German Army.
1912 Use of TN T began in the US Army.
1913 Reduction in price of raw material (nitric acid) by the

commercialization of the 1aber Bosch process for ammonia
synthesis.

Will determined structures ol isomers 2,3.4- and

2.4 5-trinitrotoluenc.

Standard explosive for World War L. Production limited by
availability of toluene from coal tar. To relieve shortage, TN
was mixed with ammonium nitrate to give amatols, and
aluminium to produce tritonals.

TNT was mixed with RDX to give cyclotols.

During World War 11, an improved process was developed for
producing petroleum naphthas ensuring unlimited quantities
of toluene. Purification techniques were improved for TNT.
Composites mixtures of TNT PETN, TNT-RDX,

TNT tetryl, TNT -ammonium picrate, TNT aluminium. efc..
were prepared.

TNT was mixed with HMX to give octols.

Shipp prepared HNS [rom TNT.

Continuous production of TN'T in the USA.

Adkins and Norris prepared TATB from TNT.

1914

1914-18

1903-40
1939-45

imined by Claus and Becker in 1883, The development of TNT through-
\it the 19th and 20th centuries is summarized in Table 2.11.

TNT 1s almost insoluble in water, sparingly soluble in alcohol and
_]l dissolve in benzene, toluene and acetone. It will darken in sunlight
d_};s unstable in alkalis and amines. Some of the properties of TNT are
£ l‘.sented in Table 2.12.

NT has a number of advantages which have made it widely used in
tary explosives before World War 1 and up to the present time.
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Table 2.12 Properties of TN T (2,4,6-trinitrotoluene)

Characteristics Explosive material

Colour Pale yellow crystalline solid

Molecular weight 227.1
Melting temperature/"C 80.8
Thermal ignition temperature/°C 300
Crystal density at 20°C/gem 3 - 1654
Energy of formation/kJ kg ™" — 1848
Enthalpy of formation/kJ kg ™" ~261.5

These include low manufacturing costs and cheap raw materials, safety
of handling, a low sensitivity to impact and friction, and a fairly high
explosive power. TNT also has good chemical and thermal stability, low
volatility and hygroscopicity, good compatibility with other explosives,
a low melting point for casting, and moderate toxicity.

TNT is by lar the most imporlanl' explosive for blasting charges. It is
widely used in commercial explosives and is much safer to produce and
handle than nitroglycerine and picric acid. A lower grade of TNT can be
used 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 components such as am-
monium nitrate to give amatols, aluminium powder to give tritonal,
RDX to give cyclonite and composition B

One of the major disadvantages of TNT is the exudation (leaching
out) of the isomers of dinitrotoluenes and trinitrotoluenes. Even a
minute quantity of these substances cati result in exudation. This often
oceurs in the storage of projectiles containing TNT, particularly in the
summer time. The main disadvantage caused by exudation is the forma-
tion of cracks and cavities leading to 'premature detonation and a
reduction in its density. Migratioti of the'isomers to the screw thread of

the fuse will form ‘fire channels’ These fife channels can lead to acciden- .

tal ignition of the charge. If the mi'gratiﬁg products penetrate the deton-
ating fuse, malfunctioning of the ammutition components can occur.
PRI 2l oty L

. rf% g ol

Nitroglahidirie '

Nitroguanidine (2.12), also known as picrite (CH4N,O,), was first pré

pared by Jousselin in 1877 by dissolving dry guanidine nitrate in [um_ing'_'f
nitric acid and passing nitrous oxide through the solution. The solution :
was poured into water and a precipitate was obtained which Jousselin?}

V2

At

b
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b
e
i Table 2.13 Properties of nitroguanidine
| Cheracteristies _ rg_\-l,»_;r_-_m_f‘m- mietteried
a4 Colour While fibre-like crystalline solid
; Molecular weight 1041 ‘
Melting temperature/ C
a-form 232
f-form 232
Thermal ignition temperature/ C 185
Decomposition temperature/ C 232

Crystal density at 20 "C/gem 1.71
Energy of formation/kJ kg ' 7734
Enthalpy of formation/kJ kg ' —893.0

‘called ‘nitrosoguanidine’, but which was later determined to be nitro-
guanidine by Thiele.

NI,
NIT=C
NI-NO,

(2.12)

- Nitl.'oguan.idine is relatively stable below its melting point but decom-
0ses immediately on melting to form ammonia, water vapour and solid
-,(f)fgduclsl.. The gases [rom the decomposition of nitroguanidine are far
,lgs.s_ erosive than gases [rom other similar explosives. Nitroguanidine is
;}plgble in hot water and alkalis, and insoluble in ethers and cold water.
1 hgs a high velocity of detonation, a low heat and temperature of
?plolsion, and a high density. Some of the properties of nitroguanidine
_are given in Table 2.13. '
3 I1‘~Iiit_r0guanidima‘ can be used as a secondary explosive but is also
: \Itable for use in flashless propellants as it possesses a low heat and
_ m,‘p?_r_ature of explosion. These propellants contain a mixture of nitro-
;\‘»,_: :’l}_ghne, nitrocellulose, nitroglycerine and nitrodiethyleneglycol
il 1'{ together form a colloidal gel. Nitroguanidine does not dissolve in
¢ 'gel, but becomes embedded as a fine dispersion. This type of col-
IC propellant has the advantage of reducing the erosion of the gun
el__comparcd with conventional propellants.

PETN
. (2.13), also known as pentaerythritol tetranitrate (CsHgN,O, ),
& most stable and the least reactive of the explosive nitric esters. It is
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Table 2.14 Properties of PETN ( pentaerythritol tetranitrate) Table 2.15 Propertics of RDX ( cyclotrimethylenetrinitramine )

Characteristics Explosive material Characteristics Explosive material
Colour Colourless crystalline solid Colour White crystalline solid
Molecular weight 316.1 Molecular weight 222.1
Melting temperature/°C 141.3 Melting temperature/"C
Thermal ignition temperature/°C 202 Type A RDX 202 204
Crystal density at 20°C/gem” 2 1.76 Type B RDX 192-193
Energy of formation/kJkg™ : —1509 Decomposition temperature/'C 213
Enthalpy of formation/kJ kg ™! —1683 Thermal ignition temperature/"C 260
Crystal density at 20°C/gem ~° 1.82
Energy of formation/kJ kg ™' 417
Enthalpy of formation/kJ kg ™' +318
insoluble in water, sparingly soluble in alcohol, ether and benzene, and
soluble 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 NO;
friction but is very sensitive to initiation by a primary explosive. i (‘,/N Bl
2C ‘ 1
0,N-0-H,C, CH—0-NO; O;N- N\C“/N—Noz
0,N-0-H,C" 'CHy—0-NO, ;
(2.14)

(2.13)

PETN is a powerful seco_rg_dAi"y’_..égiglqysi_vp_ and has a great shattering
effect. It is used in commercial blasting caps, detonation cords and
boosters. PETN is not usféa‘it‘f jt;_‘ﬁﬁfc}—f?}‘i;; !Ithcal;se it is too sensitive to
friction and impact. It is tlfé!réféﬁ.ljiisﬁg_ y mixed with plasticized nitro-
cellulose, or with synthcpfﬁ_?r"m:iﬁé}‘éiigf[S_Fhifff;gij}me'r bonded explosives
(PBXs). The most common | ofm. of. & _Fs'ivé.'coﬁibdsitidn containing
PETN is called Pentolitewhich &4 maixLife of 20-50% PETN and

TNT. PETN can also be{fo,t;rpq;lf-j%tb;g;;gb_be:r-like: sheet and used in 3
metal-forming, metal cladrc_liglt'giﬁgrﬁéi[&g}&]ﬁha'tdening processes. PETN
can also be incorporated into ggliiii‘hﬁlis iﬁdﬂstrial explosives.

In military applicationsdPﬁm_iij_éfsgﬁé'éﬁ largely replaced by RD};
‘stable and has a longer shelf life. Some of 2

' RDX is a white, crystalline solid with a melting temperature of 204°C.
ained military importance during World War II since it is more
emically and thermally stable than PETN and has a lower sensitive-
es {Pure RDX is very sensitive to initiation by impact and friction and
desensitized by coating the crystals with wax, oils or grease. It can also
ompounded with mineral jelly and similar materials to give plastic
€] p!osives. Insensitive explosive compositions containing RDX can be
cl']g_léved by embedding the RDX crystals in a polymeric matrix. This
ype of composition is known as a polymer bonded explosive (PBX) and
s less sensitive to accidental initiation.
/DX has a high chemical stability and great explosive power com-
dted with TNT and picric acid. It is difficult to dissolve RDX in organic
!qi.llds but it can be recrystallized from acetone. It has a high melting
point which makes it difficult to use in casting. However, when it is
iixed with TNT, which has a low melting temperature, a pourable
%tlire can be obtained. Some of the properties of RDX are presented
in {!'able 2.15.

since RDX is more thermally
the properties of PETN are given in Table 2.14. It

sribetriin b |1

RoX7
RDX (2.14), also known as Hexogen, Cyclonite and cyclotrimethylene
trinitramine (C3H N Oyg), was first; prepared in 1899 by Henning fo
medicinal use and used as an explosive in 1920 by Herz. The properties
and preparation of RDX were fully developed during World War IL
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Table 2.16 Properties of HMX (cyclotetramethylenetetranitramine ) Table 2.17 Properties of TATB (1,3,5-triamino-2.4,6-trinitrobenzene)

Characteristics Explosive material Characteristics Explosive material
Colour White crystalline solid Colour 7 , " etalis :
S ST s S ;rqc‘éhlm-brou.-n crystalline solid
Melting temperature/"C 275 Melting temperature/"C 150
Decomposition temperature/°C 280 Decomposition temperature/ C 150
Thermal ignition temperature/°C 335 Thermal ignition temperature/ C 84
Crystal density at 20°C/gem”™ 3 . Crystal density at 20°C/gem 1.93
x-form 1.87 Energy of lormation/kJ kg ' —425.0
f-form 1.96 Enthalpy of formation/kJ kg ! 597.9
v-form 1.82 i, = S
d-form 1.78
Energy of formation/kJkg ™" 1 +353.8 4 it TATB
1thalpy of formation/kJ kg™ +252.8 : : .
Ei py /kikg 5 : TATB (2.16) is also known as 1,3,5-triamino-2.4,6-trinitrobenzene
by ; (CeHgNgO,) and was first obtained in 1888 by Jackson and Wing.

NII,

HMX (2.15), also known as Octogen and cyclotetramethylenetetra-
nitramine (C,HgNgzOy), is a white, crystalline substance which appears
in four different crystalline forms differing from one another in their
density and sensitiveness to impact. The f-form, which is least sensitive
to impact, is employed in secondary explosives.

0O;N |
2 _NO,

AN NI,

6, ) NO,
x (2.16)
H;C™ TS CH,
Itis a yellow-brown coloured substance which decomposes rapidly just
below its melting temperature. It has excellent thermal stability in the
fange 260-290°C and is known as a heat-resistant explosive. Some of

the properties of TATB are given in Table 2.17.

Norb( - N-NO,

e~ CH

|
NO,

i
ujﬂ?n

'

(2.15)

HMX is non-hygroscopic and insoluble in water. It behaves like RDX
with respect to its chemical reactivityiand solubility in organic solvents.

However, HMX is more resistat tojattack;by sodium hydroxide and is Ve ol T ]
more soluble in 55% nitric acid; and 2-nitrbptopane than RDX. In some o .
instances, HMX needs to be'.Separgtsd;{_):.o’rn RDX and the reactions ‘,O—N' (;: N, \E\'
described above are employed for the Separatibn. As an explosive, HMX - ns o N, O--- i
. . . AR s T he . . . ¥ \ 4 13K :‘”

is superior to RDX in that its ignition temperature is higher and its Ny

chemical stability is greater; however, the explosive power of HMX is
somewhat less than RDX. Some of the properties of HMX are presented

=
in Table 2.16. mgllfe' 2.2 Configuration of the TATB molecule
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Table 2.18 Properties of HNS (hexanitrostilbene )

Explosive material

Characteristics

Colour Yellow crystalline solid
Molecular weight 450.1

Melting temperature/"C 318

Decomposition temperature/°C 318

Thermal ignition temperature/°C 325

Crystal density at 20°C/gem 2 1.74

Energy of formation/kJ kg ™ +195

Enthalpy of formation/kJ kg ™" +128.1

The structure of TATB contains many unusual features. The unit cell
of TATB consists of molecules arranged in planar sheets. These sheets
are held together by strong intra- and intermolecular hydrqger} bond-
ing, resulting in a graphite-like lattice structure with lubricating and
elastic properties as shown in Figure 2.2. .

HNS

HNS [hexanitrostilbene (C;;HgNgO,,)] (2.17) is known as a ‘heat-
resistant explosive and is also resistant to radiation. It is practically
insensitive to an electric spark and is less sensitive to impact than tetryl.

Classification of Explosive Materials

Table 2.19 Properties of ammonium nitrate

Explosive marerial

Characteristics

Colour
Molecular weight
Crystal range/"C
a-form tetragonal
f-form orthorhombic
y-form orthorhombic
d-form orhombohedral or tetragonal
e-form regular cubic (isometric)
Melting temperature/'C
Decomposition temperature/ C
Thermal ignition temperature/'C
Crystal density at 20"C/gem ?
2-form tetragonal
. p-form orthorhombic
. y-Torm orthorhombic
- """ -form orhombohedral or tetragonal
- g-form regular cubic (isometric)
Energy ol lormation/kl kg !
Enthalpy of formation/kJ kg !

Colourless crystalline solid
80.0

— 18t —16
— 1610 32.1
32.1-84.2
84.2-125.2
125.2-169.6
169.6

169.6

169.6- 210

1710
1.725
1.661
1.666
1.594
— 4424
4563

powder is [requently added to explosive and propellant compositions to
improve their efficiency. Ammonium nitrate (NH,NO,) is used exten-

sively in commercial explosives and propellants. It is the most important
raw malerial in the manufacture of commercial explosives and il also
provides oxygen in rocket propellant compositions. Some of the proper-
_ties of ammonium nitrate are presented in Table 2.19.
O;N © _“ﬁ: = NO; r Commercial blasting explosives contain ammonium nitrate. wood
H -meal, oil and TNT. A mixture of ammonium nitrate, water and oily fuels
0, . ON ifoduces an emulsion slurry which is also used in commercial blasting
fblosives. Small glass or plastic spheres containing oxygen can be
ded to emulsion slurries to increase its sensitivity to detonation.
Polymeric materials can be added to secondary explosives to produce
Fpolymer bonded explosives (PBXs). The polymers are generally used in
Ehiijlnction with compatible plasticizers to produce insensitive PBXs.
gEhe:polymers and plasticizers can be in the nitrated form which will
aCréase the power of the explosive. These nitrated forms are known as
f'gplic polymers and energetic plasticizers.
Hlegmatizers are added to explosives to aid processing and reduce
act and friction sensitivity of highly sensitive explosives. Phleg-
‘Kﬂzers can be waxes which lubricate the explosive crystals and act as a
nder.

Some of the properties of HNS are shown in Table 2.18.

0, ON

(2.1'}’}\'-.;”34

s (!, !

HNS is used in heat-resistant boostgi:__bxp{loswes and hag been used in

the stage separation in space rr)gljceftsvand for seismic experiments on the -

P ysdme b :
i {5

£ B

: :’}_; .
OTHER COMPOUNDS USED IN EXPLOSIVE
COMPOSITIONS
o

moon.

There are many other ingredients tliat are added to explosive composi
tions which in themselves are not explosive but can enhance the power
of explosives, reduce the sensitivity, and aid processing. Aluminiumi

-
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Combustion, Deflagration and
Detonation

When a loud, sharp bang is heard similar to a grenade or a bomb
exploding it is known as detonation. If the noise is not as loud as that
produced by a detonation and is longer in duration and sounds like a
hissing sound (i.e. the sound of a rocket motor) it is classed as deflagra-
tion. In many cases these effects are preceded and accompanied by fire. If
a fire is not accompanied by a thundering noise and ‘blowing up’ of a
building, it is classed as either burning or combustion. Some explosive
materials will burn relatively slowly (a few millimetres or centimetres
per second) if spread on the ground in a thin line. The rate of burning
will increase and sometimes gl_ei'elops into deflagration or detonation if
these explosive materials are confined.

COMBLSHION

Combustion is a chemical reaction| which takes place between a sub-
stance and oxygen. The chemical reaction is very fast and highly
exothermic, and is usually accompanied by a flame. 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 matchstick is;ignited. The initial process on

striking a match is to create enough friction so that a large amount of

heat is generated. This heat will locally. raise the temperature of the
match head so that the chemical reaction for combustion is initiated and
the match head ignites. On ignition of the match head, heat is generated
and the reactants burn in air with a flame. If the heat is reduced by wind

blowing or by the wood of the matchstick being wet, the flame will -

extinguish.

A4
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Physical and Chemical Aspects of Combustion

Combustion is a complex process involving many steps which depend
on the properties of the combustible substances. At low temperatures,
oxidation of combustible materials can occur very slowly, without the
presence of a flame. When the temperature is raised, as for example by
the application of external heat, the rate of oxidation is increased. If the
temperature of the reactants is raised to above their ‘ignition tempera-
ture’, the heat generated will be greater than the heat lost to the
surrounding medium and a flame will be observed. Thus, when a lighted
match is applied to butane gas the temperature of the gas is raised to the
ignition point and a flame appears.

Combustion of Explosives and Propellants

The combustion process of propellant and explosive substances can be
. defined as a self-sustaining, exothermic, rapid-oxidizing reaction. Pro-
pellant and explosive substances will liberate a large amount of gas at
high temperatures during combustion and will self-sustain the process
ithout the presence of oxygen in the surrounding atmosphere. Propel-
ants and explosives contain both oxidizer and fuel in their composi-
_fdns and they are both classed as combustible materials. The chemical
‘éompositions of propellants and explosives are essentially the same;
ohsequently some propellants can be used as explosives, and some
xplosives can be used as propellants. In general, propellants generate
ombustion gases by the deflagration process, whereas explosives gener-
te these gases by deflagration or detonation. The combustion process
“of propellants is usually subsonic, whereas the combustion process of
_explosives during detonation is supersonic.

DEFLAGRATION

\A substance is classed as a deflagrating explosive when a small amount
=of it in an unconfined condition suddenly ignites when subjected to a
flame, spark, shock, friction or high temperatures. Deflagrating explo-
ives burn faster and more violently than ordinary combustible ma-
rials. They burn with a lame or sparks, or a hissing or crackling noise.
On initiation of deflagrating explosives, local, finite *hotspots’ are
leveloped either through friction between the solid particulates, by the
sompression of voids or bubbles in the liquid component, or by plastic
ow of the material. This in turn produces heat and volatile intermedi-
*ates which then undergo highly exothermic reactions in the gascous



If a deflagrating explosive is initiated in a confined state (completely

BT

phase. This whole process creates more than enough energy and heat to

ftilndatlin dacmasmanitine nnd snlatilizptinn Af nawlu aveacad enrlacas SEaEREE

enclosed in a casine) the pasenns nrodncts will not he ahle t

ing rate’, can be calculated using Equation 3.1, where r is the linear
burning rate in mm s~ ', P is the pressure at the surface of the composi-
tion at a given instant, fi is the burning rate coefficient and « is the

burning rate index.

r = P . (3.1)
The burning rate coeflicient f depends upon the units of r and P, and the
burning rate index « can be found experimentally by burning explosive
substances at different pressures P and measuring the linear burning
rate r. Values for & vary from 0.3 to greater than 1.0. The increase in the
linear burning rate for a propellant wher it'is conlined in a gun barrel
can be calculated using Equation 3.1, 1:61%0

For example, if the linear rate of burning for a typical propellant at

atmospheric pressure (9.869 N mm ™2) in an ‘uiconfined state is equal to
5mm s~ ! and the burning rate index is 0.528, then the value of f equals
1.49 mm s~ ' (N mm~?)"/%:32% as shown in Equation 3.2.

i £y
Freidas,

Y i YR Bhoagrygt
5 = f(9.869)°:528

.:5,.;:’_ 1 13
(9.869)°:228 ¢
14;9 =ﬁ{ Wit ;

On burning the propellant inside a gun barrel, the pressures increase by

4000 times and the linear burning rate is‘raiséd to _398 mm s~ asshown
in Equation 3.3: 1 ‘;{ :
: iyt AR

r = 1.49 x (4000 x 9.869)*2°

r=2398 mms~!

sive materials do not need a supply ol oxygen to sustain the burning.
The amount of explosive material burning at the surface in a unit of time
depends upon the surface area ol the burning surface A, its density p and
the rate at which it is burning r. The mass m of the explosive consumed
in unit time can be calculated using Equation 3.4

m=rAdp (3.4)

1 The propagation ol an explosion reaction through a deflagrating
xplosive is thereforc based on thermal reactions. The explosive
terial surrounding the initial exploding site is warmed above its
Bcar_l;lposition temperature causing it to explode. Explosives such as
. topellants exhibit this type of explosion mechanism. Transfer ofenergy
"th'grmal means through a temperature difference is a relatively slow
Focess and depends very much on external conditions such as ambient
ssure. The speed of the explosion process in deflagrating explosives is
Ways subsonic; that is, it is always less than the speed of sound.

DETONATION

Explosive substances which on initiation decompose via the passage of a
: gé};iwave rather than a thermal mechanism are called detonating
plosives. The velocity of the shockwave in solid or liquid explosives is
ween 1500 and 9000 m s~ ', an order of magnitude higher than that
he deflagration process. The rate at which the material decomposes

be!

#Ye; not by the rate of heat transfer. Detonation can be achieved either
tfning to detonation or by an initial shock.
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(a) (b)

P P

Figure 3.1 Burning rate and pressure curves for detonating explosives, where (a)
a increases to above unity, and (b) a increases further at higher
pressures

Burning to Detonation

Burning to detonation can take place When an explosive substance is
confined in a tube and ignited at one end. The gas generated from the
chemical decomposition of the explosive mixture becomes trapped,
resulting in an increase in pressure at the burning surface; this in turn
raises the linear burning rate, In detonating explosives the linear burn-
ing rate is raised so high by.pressure pulses generated at the burning
surface that it exceeds the velocity.of;sound, resulting in a detonation.
The rise in the linear burning,rate, r, with increasing pressure P for
detonating explosives is shown in F_igrq::_e;?’___.___l.,Thc values for r and P are

derived from Equation 3.1, .., ... vt el

The value for the bumin;t_rigt'e__,i'pdq:;g__gg_:i_s“l‘es_s"than unity for deflagrat-

ing explosives. This value increases to,above unity for detonating ex-

plosives [see Figure 3.1(a)] andmayiﬁcrpasé further at higher pressures |

as shown in Figure 3.1(b). An explosive which detonates in this way wil

show an appreciable delay between the initiation of burning and the

onset of detonation as shown in;Figure; 312 . :
This delay will vary according to the hature of the explosive composi

Freeetigas apie ofo 2 i e
tion, its particle size, density ahd conditibns of confinement. This prin-. &3

ciple of burning to detonation’is ﬁtiﬁ?éﬂfiﬁ delay fuses and blasting:

(kTR Tad B

detonators. e

£ 3

Shock to D_elﬂnalﬁon '_

Explosive substances can also be detonated if they are subjected to a

high velocity shockwave; this method is often used for the initiation of.
secondary explosives. Detonation of a primary explosive will produce a
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1
Rate of reaction or

increase in pressure DETONATION

Transition from deflagration —*
to delenation

- DEFLAGRATION

Initiation hy
spark, flame -
or heat S el -  Time -*
pa
0K 7
Tine delay to detonation

H
« Figure 3.2 Transition from deflagration to detonation

shockwave which will initiate a secondary explosive if they are in close
'b_ntact. The shockwave forces the particles 1o compress, and this gives
§¢ to adiabatic heating which raises the temperature Lo above the
mposition temperature of the explosive material. The explosive
ystals undergo an exothermic chemical decomposition which acceler-
esithe shockwave. IT the velocity of the shockwave in the explosive
Dmposition exceeds the velocity of sound, detonation will take place.
,!. 10ugh initiation to detonation does not take place instantancously
ii‘_dela_v is negligible, being in microseconds.

Propagation of the Detonation Shockwave

: ﬂleory of detonation is a very complicated process containing many

athematical equations and far too complicated to be discussed here.

ghedccount given below is a very sim plified qualitative version to give

€ basic understanding of the detonation process.

ppose that a wave similar to a sound wave is produced in a column

aining a gas by moving a piston inwards and outwards as shown in

re3.3.

i ‘hi's sound wave contains regions of rarefactions and COMPressions,
lfi&temperature of the material increases in the compression regions

id then cools due to adiabatic expansion. In an explosive compaosition
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(@) (b)

Explosive
compaosition

Gas under compression
and expansion

Wave front
progressing
forwards

: Figure 3.4 Schematic diagram of the movement of a wave front through the
Piston moving backwards explosive composition from (a) to (b) 1o (¢)

and forwards

he shockwave changes the state of the explosive so that exothermic
.reactions take place. Figure 3.4 shows a schematic diagram [or the
rogression of a wave front through a cylindrical explosive pellel.
~ The shockwave travels through the explosive composition accelerat-
7 ing all the time with increasing amplitude until it reaches a steady stale.
eiconditions for a steady state are when the energy released [rom the
hemical reactions equals (i) the energy lost to the surrounding medium
hpz_at and (ii) the energy used to compress and displace the explosive
tystals. At the steady state condition the velocity of a detonating wave
jill be supersonic.
& .0n suitable initiation of a homogeneous liquid explosive, such as
pliguid, nitroglycerine, the pressure, temperature, and density will all
Crease to form a detonation wave front. This will take place within a
2 initerval of the order of magnitude of 10” '? 5. Exothermic chemical
fictions for the decomposition of liquid nitroglycerine will take place
the: shockwave front. The shockwave will have an approximate
kness of 0.2 mm. Towards the end of the shockwave front the
Bressure will be about 220 kbar, the temperature will be above 3000 °C
;the density of liquid nitroglycerine will he 30% higher than its
inal value.

Tl

i i

Figure 3.3 Compression and expamfiop qf a ga% to produce a sound wave
the compression part of the waveris.sufficiently high to cause the
temperature to rise above the decomposition temp.erature _of the explo-
sive crystals. As the explosiye crystals decompose Jus:t !Jehmd th_e wave
front, a large amount of heat,and gds is generated. This in turn raises th
internal pressure which contributes;to the high pressures at the front of
the wave. These high pressures at thlei\li\_fgv;!fl__'qnt must be maintained for:
the wave front to move forwarde e 55 . _

In order for the wave frd-;‘lrtl'{aTﬁ%Sargg@;féﬁard (not latera_lly) and;
over a considerable distance, the:explosiye substance_shoulq either:
confined inside a tube or have afcy]gi_ndr_iggl,.geqmetry. If the chauneter_II
the explosive substance is toofsmalf?alstorﬁon of the wave f_ronl-_w
occur, reducing its velocity and thereforé causing the detonatl.on way
to fade since the energy loss ‘sideways: is too.great fqr detonation to b
supported. Consequently, the diameter, of the.explQS{ve substance mtlls_t
be greater that a certain critical value, characteristic of the exp]osltj

; 9 J Effect of Density on the Velocity of Detonation
substance. | ' 2
Detonation along a cylindrical pellet of a secondary explosive can bé:

reoarded as a sell-propagating process in which the axial compression ofs

or heterogeneous, commercial-type explosives the velocity of deton-
on increases and then decreases as the compaction demeitv of 11
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Detonation
Velocity
{kms™)

0 i i
0.5 1.0 1.5
Density (g cm™)

Figure 3.5 Change in velocity of detonation as a function of density for a
secondary explosive, i.e. TNT -

explosive composition increases. The compaction of heterogeneous ex-
plosives makes the transition from deflagration to detonation very
difficult. sify

For homogeneous, military-type explosives the velocity of detonation
will increase as the compaction density of the explosive composition
increases as shown in Figure 3.5 and Table 3.1.

In order to achieve the maximum velocity of detonation for a homo-
geneous explosive, it is necessary to consolidate the explosive composi-
tion to its maximum density, For a crystalline explosive the density of
compaction will depend upon the consolidation technique (i.e. pressing,
casting, extrusion, etc.). The limiting density will be the density of
the explosive crystal. The velocity of detonation can be calculated from
the density of the explosive composition using Equation 3.5,

ther bt Yy

v (3.5)

ol

= sz ‘+: 3:’,00_[;01 s 2))

where V,, and V,, are the véloci-tliléé'.l_(})‘f_.(ji:e'tonation for densities p, and
P, respectively. The approximate velocity of detonation can be cal-
culated using Equation 3.6,

V,e=430(nT,)"? 4 3500(p, — 1) (3.6)

where V, _is the velocity of detonation for a given density of compaction
p Y g
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Table 3.1 The effect of density on the velocity of detonation for the primary
explosive, mercury fulminate and secondary explosive, nitroguanidine

Explosive Density/gem—? Detonation velociry/ms !

Mercury lulminate 1.25 2300
1.66 2760
3.07 3925
3.30 4480
396 4740

Nitroguanidine 0.80 4695
0.95 5520
1.05 6150
1.10 6440
1.20 6775

Table 3.2 A comparison of velocities of detonation for some privary and
secondary explosives

Explosive Density/gem Detonation velocityfins ="

Primary explosives

~ Lead styphnate 29 5200

. Lead azide 38 4500

- Mercury lulminate 313 4480
Secondary explosives

-+ HMX 1.89 9110

, RDX 1.70 8440

.~ PETN 1.60 7920

' Picric acid 1.60 7900

"'Nitroguanidine 1.55 7650

'TATB .88 7760

Nitroglycerine 1.60 7750

Nitrocellulose (dry) 1.15 7300

1.55 7080

1.70 7000

1.55 6850

Pw 1 is the number of moles per gram of gaseous products produced
from the detonation and T41s the approximate temperature in Kelvin at
which the detonation occurs.

48A comparison of the velocities of detonation for some primary and
secondary explosives is presented in Table 3.2.

#From Table 3.2 it can be seen that the velocity of detonation for
secondary explosives is generally higher than that lor primary explo-
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Decomposed
explosive composition

: Wavg Jront
Unconsumed ‘——} moving with
explosive constant velocity D
material z =5
Th
‘;'\I__\
Curved wave Vi : =
front { Particles flowin -
g
away from the
wave front with a Propagating
velocity of U/ wave front

Figure 3.7 Schematic diagram of a detonation ware morving forwards with the

explosive particles moving in the opposite direction
Decomposed I I o ]

explosive

iaterial reactions which are diffusion-controlled since heterogeneous explosives

need to be sensitized by air, bubbles, voids. efc.

Effect of Explosive Material on the Velocity of Detonation

‘The detonation process can thercfore be regarded as g wave which is
headed by a shock-front, which advances w ith constant velocity D into
the unconsumed explosive, and is Tollowed by
tedction as shown in Figure 3.7,

2 For the detonation wave (o proceed forward its velocity in the reac-
lon zone must equal the sum of the velocity of sound and the velocity of
he flowing explosive material as shown in Equation 3.7.

Effect of Diameter of the Explosive Composition on the
Velocity of Detonation

a zone ol chemical

For a cylindrical pellet of an explosive composilion‘ the vclozlsti)t;ioorf
detonation will increase as the diameter of the ‘?xpioswc c?m,?g .
increases up to a limiting value, Th{a.det,o.nauon wa\l;e tn::mwﬂx g
cylindrical pellet at steady state cond.;llons is I‘lt:)f flat ut ¢ gl

in Figure 3.6, where D is the axial detonation ve]olc'l.ty an : ‘ | |
shown in g i’ lose to the surface of the composition. _}lel_'el) is the steady state velocity of the wave front, U
the detonation velf{CJt)' c;)se o that the veiocity of detonation gradual- ‘; owing particles and c is the st bt cd il
I :]:'mmizillges;:jrf ::1§atzznfrze§pthe pellet to its surface. For large pellets : :ldt:il‘y of the explosive par ]

in F
gle ls[:rface effects do not affect the velocity (_)f detonat{on tc; th? sratmhi
degree as for small diameter pellets. There will be a finite ;a tulcheowave:
diameter of the pellet when the surl'as:e effects are s0 greal.l. a be This__
front will no longer be stable — this is c‘a!led the critical d’iame el. e
phenomenon exists for homogeneous mlltlary-typ.e explosives 011 yl.l -
heterogeneous commercial explosives the vf':lomly of. de;ol?:vigur .
creases with diameter. The reason for t‘he dtfferen(.:e. in .ed o o
homogeneous and heterogeneous explosive compots:lmns Ils Oti] e
mechanism of detonation. Homogenf:ous exp!oswcskri: y i
molecular reactions for the propagauon of the shoc fu:ve[,]m]ewla.
detonation in heterogeneous explosives depends upon inter

D=U+¢ (3.7)

is the velocity of
vave. When he
cles is very low, ie. U is low. the shock-
vave will be weak and its velocity will approach that of the speed of
sound. Under these conditions a detonation will not take place. How-
i er, when the velocity of the explosive particlesis high, j.e. U is high, the
oglk,wave will travel faster than the speed of sound and a detonation

| take place.
By applying the fundamental physical properties of conservation of
Ass, energy and momentum across the shockw
quation of state for (he explosive composition (w
I8 pressure, temperature, volume and
an be shown that the velocity of ¢
aterial constituting (he explosive

ave, together with the
hich describes the w ay
composition afleet one anotherjit
letonation is determined by the
and the material's velocity.
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Table 3.3 A comparison of effects for non-explosive combustible materials,
deflagrating and detonating explosive materials

Non-explosive
combustible
substances

Detonating explosive
substances

Deflagrating explosive
substances

10

Initiated by flame,
spark, high temps

Cannot be initiated
in the wet state
Needs external
supply of oxygen
Burns with a flame
without any noise

Burns with little
generation of gases

Rate ol burning
slower than
deflagration
Propagation based
on thermal
reaclions

Rate of burning
increases with
increasing ambient
pressure

Not affected by
strength of
container

Not dependent on
the size of the
material

Never converts to
deflagration or
detonation

Most explosives are
capable of detonation if
suitably initiated

Can be detonated in the
wel stale

Initiated by flame,’
sparks, friction, shock,
high temps

Cannot be initiated in
the wet state "
Oxygen present in Oxygen present in
formulation formulation

Produces long, dull noise Loud, sharp bang,
accompanied by hissing  sometimes accompanied
sound and fire by fire

Generalion of gases used Generation of

as propulsive forces in shockwave and used as a

propellants sdestructive force
Rate of burning is Rate of burning is
subsonic supersonic

Propagation based on
shockwave

Propagation based on
thermal reactions

Rate of burning ' Velocity of detonation
increases with increasing not affected by
ambient pressure increasing ambient
pressure
Not affected by strength  Velocity of detonation
of container affected by strength of
container
Velocity of detonation
dependent on diameter
of explosive charge, ie.
critical diameter
Can convert to Does not usually revert
detonation if conditions - to deflagration, il
are favourable propagation of
detonation wave [ails
explosive composition
remains chemically
unchanged

Not dependent on the
size of the composition
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CLASSIFICATION OF EXPLOSIVES

ExPlosives can therefore be classified by the ease with which they can be
1gn1led and subsequently exploded. Primary explosives are readily ig-
nited or detonated by a small mechanical or electrical stim ulus, Sccbn(&l-
ary explosives are not so easily initiated: they require a high velocity
s.hockwave generally produced from the detonation of a primary explo-
sive. Propellants are generally initiated by a flame, and lhey‘du not
detonate, only deflagrate. ‘

A Com.parison of effects for non-explosive combustible materials
geqﬂagralmg and detonating explosive materials is presented in '!':th!_c;
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Ignition, Initiation and Thermal
Decomposition

In most situations an event by a chemical explosive can be divided into
four stages: these are ignition, the growth of deflagration, the transition
from deflagration to detonation, and the propagation of detonation. In
some circumstances ignition can lead straight to detonation. This only
oceurs when the initial stimulus is able to generate a large quantity of
encrgy in the explosive composition. Heat is then produced by adiabatic
compression in the shockwave front which results in detonation. Igni-
tion to detonation only takes place in specidlly-formulated explosive
compositions and requires special conditions and very high pressures.

IGNITION

Ignition occurs when part of a combustible material such as an explo-
sive is heated to or above its ignition temperature. The ignition tempera-
ture is the minimum temperature required for the process of initiation to

be sell-sustaining.
Explosive materials are ignited by the action of an external stimulus

which effectively inputs energy into the explosive and raises its tempera- 48

ture. The external stimulus can be friction, percussion, electrical ims
pulse, heat, etc. Once stimulated the rise in temperature of the explosive
causes a sequence of pre-ignition reactions to commence. These involve
transitions in the crystalline structure, liquid phases changing in
gaseous phases, and thermal decomposition of one or more of 't
ingredients. These reactions then lead to a sell-sustaining combustion 0
the material, i.e. ignition. As the temperature rises, the rate of the h
produced increases exponentially whereas the rate of heat lost is line
Ignition occurs at the temperature where the rate of heat generated

58
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Ignition, Initiation and Thermal Decomposition

Heat generated or lost

Heat generation

Heal loss

S/
%

ign

Temperature

Figure d.1 Simple model to show ignition in explosives

greater than the rate of heat lost. Figure 4.1 presents a simple model in
d\eﬁning the ignition temperature of an explosive material 7, .
¥ T}, is the temperature at which the heat generated in the c;;;lnposilinn
: is greater than the heat lost (o the surroundings. or more accurately, 7,
should equal ‘ignition temperature — initial temperature’. i
7+ As discussed above, ignition generally results in deflagration of the
- explosive material, but if the material is confined or is in Ta;‘gc quantities
' dcﬂ.ag.ration can develop into detonation. It is generally accepted that
the initiation of explosives is a thermal process. Mechanical or electrical
nergy from the stimulus is converted into heat by a variety ol mechan-
lTlS.uThE heat is concentrated in small regions forming Im'lsputs.

(i

Hotspots

1T :‘formalion of hotspots depends upon the energy input and the
:ph s,lcal properties of the explosive composition. The diameter of the
10spots is in the region of 0.1-10 um and their duration is about
0 "’ 1073 s with temperatures greater than 900°C. There have been
yus theories put forward to describe the mechanisms for the forma-

:
blnergy from the stimulus is converted into heat by adiabatic com-
1on of small, entrapped bubbles of gas. The heat generated forms
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Table 4.1 T -atures for ;
1 Temperatures for the initiation of some primary and secondary

hotspots. For an ideal gas, the temperature inside the gas bubbles T, J .
explosives by friction (via hotspots) and thermal mechanisms

depends on the compression ratio as shown in Equation 4.1,
Explosiv s —— —
_ Explosive substance ?If_n;pﬂﬂmre of ignition  Temperature of thermal
= via hotspots/ "C aicilie s
T; - Tl(_ﬁg) F] (4_1} POLS) ignition/"C
1 Primary explosives
Tetrazene ~ 430 140
5 E H— Merc in: sz
where T, is the initial temperature of the bubble, P, and P, are the Leadszprﬁ:fﬁ:m .;1?,32[ 170
initial and final pressures inside the bubble, respectively, and 7 is the Lead azide 430 ;(:]} %(:Hi
y - d _-_',. 3G()

ratio of the specific heats. From Equation 4.1 it can therefore be seen

that when the initial pressure P, of the gas is raised, the temperature Secondary explosives

inside the bubble T, is reduced. The minimum temperature rise in the 3 - 'T;E;C;fylcerzxmc 450-480 200
gas bubble must be about 450°C for ignition to occur. This effect can be ' 400-430 202
observed in the performance of liquid nitroglycerine when subjected to
impact at different pressures. When liquid nitroglycerine is subjected to
an impact energy of 5000 g cm ™' at an initial pressure of 1 atm an
explosion is observed; however, if the initial pressure is then raised to
20-30 atm no explosive event takes place.

Under certain conditions these microscopic bubbles can result in an
extremely sensitive explosive which can be ignited by the gentlest of
blows. If precautions are taken to eliminate all the bubbles the explosive
becomes comparatively ‘nsensitive, and very high impact energies must
be used. Under these conditions the ignition is due to the viscous heating
of the rapidly-flowing explosive as it escapes from between the impact=
ing surfaces. i

Another source of hotspots is the presence of grit particles, such as
crystals. When the particles are small and sharp only a small amount of
frictional or impact energy is needed to produce a hotspot. This is
because localized energy is generated at the stress points; soft particles
are unable to generate enough energy to produce hotspots since they
will be crushed or squashed. Some explosive compositions which con
tain a polymer as a binder can also be quite sensitive to impact; this'
due to the polymer failing catastrophically and releasing sufficient en
ergy to form hotspots. :

Ignition, therefore, begins at a hotspot but does not always lead 0%
detonation. I the energy Jost to the surroundings is greater than thi
energy generated by the hotspots the small micro-explosions die awa)

IGNITION BY IMPACT AND FRICTION

'rH. { Friction

When an explosive is subjected to [riction, hotspots are formed. Thes
10tspots are generated by the rubbing together of explosive cr\-‘;t'-il&‘. Ih\'j
: :g;:s;:}t}:n lllelcxplosive composition. Hotspots readily fn‘r;ntohn l|“lc
ur e explosive cryslals since they are non- allic ¢ /e ¢
mthermal conductivity. The tcmperalu'rc of theI 1::19;;:2:: ::llilh?a;fc;:
gé]zzgarflﬁis‘irféxrtclrl ll]alj 4.30 °C for ignition of the explosive material
b , the maximum temperature of the hotspots is deter-
ned by the melting temperature of the crystals. Therefore, explosive
positions c?:}‘taining crystals which have melting 101;1perature‘;
er than 430°C will not achieve ignition through the formation O‘I‘
spots, whereas those compositions with crystals of high meltin
p_cratgres will form higher temperature hotspots capable of igniti ;i
amaterial. Hotspots which are generated by friction are Iran'iiegnl 1115
nly last for a very short time, i.e. 1075 to 10 3 s. Con%é(;ll&l;llllv
pcrzft?lres for ignition via hotspots is higher than u‘mveﬁlilmnl rlle;:
jgnition temperatures for explosive substances. Table 4.1 |:reqcntc
on the .tempcratures of ignition by [riction via hotspots and ihcrl
mechanisms for primary and secondary explosives. \

without further propagation. If a particle of an explosive is smaller thd i
a certain minimum size (which may be called ‘critical’), the dissipatioti e Kt
heat will be greater than its evolution and no explosion will take place Ben liquid explosives are subjected to high impact, compression -

Ort d i ac I
_gx IOI;&:: ‘trlpped gases takes place and exothermic decomposition
plosive vapour begins. The rapid rise in temperature results in
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Table 4.2 itivii y of '
Sensitivity of some primary and secondary explosives 1o impact and

further evaporation of the liquid explosive from the walls of the bubble,
Jriction

creating hotspots. These hotspots become sufficiently violent leading to

63

n of the liquid explosive. An increase in the quantity of gas

the ignitio
ct sensitivity of

Substance ~ETpr s
Friction sensitivity/N Impact sensitivity/Nm

bubbles will therefore result in an increase in the impa
liquid and gelatinous explosive compositions.

Primary explosives

When solid explosives are subjected to high impact, hotspots are Tetrazene g
formed from the compression and heating of the trapped gases, and Mercury fulminate 35 b
from friction between the crystal particles. Ignition for the majority of Lead styphnate Ls I, _,‘3 .
primary explosives is via hotspots generated by intercrystalline friction, Lead azide 011 254
whereas ignition in secondary explosives is from hotspots generated Secondary axpleisives
through the compression of small gas spaces between the crystals. The PETN N &
difference between the formation of hotspots in primary and secondary HMX-f 120 3
explosives is related to the melting temperature of the crystals. Primary RDX 120 ;i
explosives will ignite below the melting temperature of the crystals _ HNS ) 240 .

) il Bk . Nitroglycerine - 1353 =

whereas secondary explosives will ignite above the melting temperature. Tetryl : 02

When a secondary explosive is subjected to high impact, the material Nitrocelluiose > 353 3
will flow (called ‘plastic flow’) like a liquid entrapping small gas bubbles. (13.4%N) =353
Hotspots will be generated by the compression and heating of the . Picric acid - 353 ;14
trapped gases similar to the process described for the formation of : ;NT . > 353 ;\
hotspots in liquid explosives, except that the impact energies needed fof | T:;0§uan1du|:c > 353 =49
ignition will be far higher. Hotspots which are generated by impact are . EAnymonium nitrate : ::: :::

transient and will only last for a very short time in the order of 107 5.’
Consequently, hotspot temperatures for ignition are higher than cof-
ventional thermal igniti iv st SR - /
entional thermal ignition temperatures for explosive substances ) ];a;; by a ilcavy I\-t'(:l.ghl: ie. S kg,‘ from c%iﬂ‘ercnt heights. The percen-
samples which ignite at a given height is noted. The resulls ar
] ;letd 1;15.11}1g t.he Bruceton Staircase technique and the mcdi-nn drtnT;
gis ll:r:mig;:;(ejs 3_(:‘?/0 rl.‘)‘mbabrhty of ig‘n'i[irm for the materials under
P < ‘ - T'he Figure of Insensitiveness (F of 1) is caleulated
g Equation 4.2.

CLASSIFICATION OF EXPLOSIVES

Classification of substances by their-sensitivity to impact and friction;
particularly important for the handling of explosives. Some explosive
are known to detonate on impact, whereas others will only deflagratt
Table 4.2 presents information oh the sensitivity of explosive substanc
to impact and friction. The values shown describe the force required
initiate the explosive composi_tionsiggggsg.'_;;?_!-_:-.: it
The values given here clearly-show that primary explosives are mi
more sensitive to friction than'seconddry explosives. Therefore, priff ity
explosives are more hazardous to handle and care must be taken,
Another method of classifying high explosives is using the ‘Figure
Insensitiveness’ to impact and the_,‘l?_igurc‘of Friction'. These values. gt ves are presented in Table 4.3
obtained by subjeclipg powdereq e.xpi051.ves either to im.pa_ct us| Figure of Friction can be c;-lkllu bl o
Rotter Impact Machine, or by [riction using a Rotary Friction tels I iti Staircase technique wh‘crcll{;lé(l};l;‘fﬁ'“:;l‘}f Wity using the
i : ! s gure b 0 :
atd explosive ‘RDX’ is 3.0. Figure of Friction (F ﬂr;L;_",“\'_‘ﬂ{‘l‘c'q E.“C
econdary explosives are presented in Table 4.4, SR

_ Median drop height of sample
Median drop height of standard

x (F of I of standard)

: (4.2)
L2

..ig?ume olflnsensi'tilveness for the standard explosive sample ‘RDX ' is
giigitre ol Insensitiveness values for some primary and secondary

machine. !
In the Rotter impact test, the explosive samples are subjected’d
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i ' iti ( F of I) for some primary and secondary Mercury fulminate
L 15w ”); hl'se"m‘!'m:;:j:dfmm the results of the Rotter Impact Tetrazene
high explosives calc Lead styphnat
P : i saniples) yphnate
Machine (5 kg falling weight on to 30 mg samp Primary Lead azide
Figure of Explosives Silver azide
Explosive substance Insensitiveness Very Sensitive
FofI <50
; S 2 i
o explosives | 0 econd_'lry N}lmccllulqse {dry)
Mercury fulminate 13 Explosives Nitroglycerine
Tetrazene 1 2% PETN
Lead styphnate 20* Gunpowder
Lead azide HMX-a
Secondary explosives 23
Nitrocellulose (dry 13.4% N) 30
Nitroglycerine 51 Sensitive Secondary HMX-}
PETN 56 FofI=50 Explosives RDX
HMX-fi 80 Fofl <100 Tetryl
RDX . 90
Gunpowder 86
Tetryl > 100 TATB
TATB 20
Pictic acid :52 Comp:-arallvely Secondary Picric acid
TNT 200 Insensitive Explosives TNT
Nitroguanidine Fofl2 100 Nitroguanidine
r Amatols
*2 kg weight falling on to 30 mg sample Torpex

Table 4.4 Figure of Friction (F of F ) for some secondary explosives calculated

Machine igure 4.2 Classification of primary and secondary explosives by their Figure of
icti achi i ) ’ , - .
from the results of the Rotary Friction

Insensitiveness (F of 1)

N - Figure of Friction
Explosive substance INITIATION TECHNIQUES
3 . . :
PETN i 5 Explosive Train
HMX-f oy . . m aows
RDX TR 321 ! iexplosive composition is initiated or detonated via an explosive
Tetryl shaita. des B lgiad n!The explosive train is an arrangement of explosive components by
TNT ! _t__:hithe initial force from the primer is transmitted and intensified

s ureaches and sets ofl the main explosive composition. Some
iponents of explosive trains are summarized in Table 4.5.

most all explosive trains contain a primary explosive as the first
onent. The second component in the train will depend upon the
[initiation process required [or the main explosive composition. If
hain' explosive composition is to be detonated then the second
: _flent of the train will burn to detonation so that it imparts a

iwave to the main composition. This type of explosive train is

tivencsd 16 lue f

As with the Figure of Insensitiveness to.impact, tht_a llqwcr the va 1o

the Figure of Friction the more sens:tweﬁh& rinatt?{rizid 1?.{“0 three,';ﬁ{

i . therefore: be-classi i

Explosive substances can there be-cl ints e
grouII;s using the results of the impact and friction sep51ltlv_1ly tsziltsive,?_
classes are ‘very sensitive’, ‘sensitive” and ‘comparatively lnscc:t v

using the results of the tests carried out on the Rotter Impa

ized i ificatio
explosive materials can be categorized into these three classific _

shown in Figure 4.2.
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Table 4.5 Some of the components of explosive trains et
THSECH Base charge
Component Action Comments I I
Primer Initiating device Initiated by percussion, stabbing,
electrical current, heat, etc. e

Detonating  Detonate base Ignited by primer. Small quantity of Electrical circuit

charge primary explosives ’ - Piliiig dhaig
Flash Ignite base charge Ignited by primer. Burn explosively but igure 4.3 Schematic diagram of an electric detonator

will not detonate ' cdetonator

Delay Controlled time Pyrotechnic formulation burns without )

delay gas ing explosives. Igniters can be initi -

i R ; : initiat relectric: g

Relay Initiate the next Its role is similar to the detonating from another igniferous element 911elfbli1£,f|:;tjnmi means, h;.tmn. flash

component component of an toniter i Lo St g and percussion. An example
Booster Loitiate mali Used to initiate blasting agents or cast appearinlgzrtis lhc(:] squib’, which is a small explosive device, qimilq,—lin

explosive TNT ; 0 a detonator but loaded with an explosive L

sompmition ; deflagrate, so that its output is primarily heat (flas| }p B
Base charge  Detonate main | Usually a secondary explosive R ash).

composition

I'HERMAL DECOMPOSITION

: All explosive ances
P substances undergo thermal decomposition at tempera-

tur at whi '
_. 'pos?fii?:l]- L:(ﬂr(;‘: II;J?ST;” ‘w]y‘ch expllnslons occur. During thermal decom-
e SD],Ue Or“g]_is hu e III‘IIL reactions lake place which generate a lot of
oo [Empcrawernl lSr (;Rl to the s_urrmmdings. but the remainder will
it hogst 4 g,-cgl; {lhlrf:"e:(I:LI{;i:lvcsfe]vcn further. When the rate of
'Qosilic:ln will occur, i.e. ignition. ']'I;e Tn(zle‘;:el ::zsfi]ZJ‘f-": l““‘cm'-‘ e
10[1; with temperature is shown in Figure 4;1 h
¥_velu:l:it:lnml[-—pps|[m'n ol explosive subslgnccs generally follows the curve
igure 4.4, where the rate rises v
!?w:v 100°C and then steepens
gnition temperature of the explosi

known as a ‘detonator’. However, if the explosive train is only required
to ignite the main composition an ‘igniter’ is used which will produce a
flash instead of a detonation.

Detonators

Detonators are used for initiating explosives where a shockwave is of decomposi-

required. Detonators can be initiated by electrical means, friction, flash
from another igniferous element, stabbing and percussion. An example
of an electrical detonator is presented in Figure 43. '
In an electric detonator the bridgewire in the fusehead heats up to a
temperature at which the ms_qrrlsi_tiyfg{-, ggmposition surrounding the
bridgewire ignites. This in tuth will ignite the explosive composition in
the priming charge. The priming chatge will burn to detonation and
send a shockwave into the base charge. [This shockwave will initiate the
explosive composition in the base charge to detonation. Detonators aré;g
used to explode secondary explosives, permissible explosives and dynay

13

ery slowly at temperatures
as l[lc temperature approaches the
ve. Explosives which have high igni-

Rate of
decomposition

mites.

L

3 I
Igniters ‘ L !
; PR . . : : Tem
Igniters are used for initiating explosives whose nature is such thatit; s P—>
desirable to use a flame or flash for their initiation, and not a shock: I'f:"r'_';glm

produced by detonators. Explosives of this kind are known as deflagral red.d The effect of re
' flect of temperature on the rate of decomposition of

an explosive
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: lso have a
tion temperatures, such as TATB, HMX, HNS and TNT, a

i igniti ratures
high stability to heat, whereas those with low ignition tempe
lg =R .} g I
stability to heat. | . B s
hﬁ“lff;‘a i?;\;nical en)::rgy H generated by the decomposmgp oilji_ andpthe
ive ct:m be calculated from the heat lost to the su(rogn u;nt%on o
Ziccunmialion of heat in the explosive Q as shown in Eq
F+0=H (4.3)
ition of an
i nerated by the decomposition o
: { of chemical energy H ge d by e
ThcI aglfeu:fil(l) give information on the sensltw‘l'.y of thele)g)é?lilomimm_
Et:;:s r?lechanism for the initiation of explosives is .thermal(.)swel
ly, a high value for H will result in a more sensitive exp

Chapter 5

Thermochemistry of Explosives

hermochemistry is an important part of explosive chemistry: it pro-
des information on the type of chemical reactions, energy changes,
nechanisms and kinetics which occur when a material undergoes an
Explosion. This chapter will carry out theoretical thermochemical calcu-
ations on explosive paramelers, but it must be noted that the results
btained by such calculations will not always agree with those obtained
ﬁ[l}erimenlally. since experimental results will vary according to the
onditions employed.
When an explosive reaction takes place, the explosive molecule
aks apart into its constituent atoms. This is quickly followed by a
-arrangement of the atoms into a series of small, stable molecules.
ese¢ molecules are usually water (H,0), carbon dioxide (CO,), carbon
noxide (CO) and nitrogen (N,). There are also molecules of hydrogen
2), carbon (C), aluminium oxide (A1,0,), sulfur dioxide (SO,), etc.,
ound in the products of some ex plosives. The nature of the products will
nd upon the amount of oxygen available during the reaction. This
y of oxygen will depend in turn upon the quantity of oxidizing
§ which are present in the explosive molecule.

OXYGEN BALANCE

. ﬁsidering the structural formula of TNT (5.1) and of nitroglycerine

[the proportion of oxygen in each molecule can be calculated and

ed with the amount of oxygen required for complete oxidation

fuel elements, i.e. hydrogen and carbon.

ie amount of oxygen present in the explosive molecule is insuffi-

dor the complete oxidation a negative oxygen balance will result:
n be seen in the molecule TNT. Nitroglycerine, however, has a

'
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ik s Formula of TNT (C,H.N,0,)
O,N NO, Hhi—o—we:z HsN,Og)
H=(-0=N0; & Molecular mass of TNT =
H-C-0-NO, of TNT = {;?x 12) + (5 x 1) + (3 x 14) + (6 x 16)
NO, H
_;___e Total molecular mass of oxygen atoms (Q)
in the products = — 10! x 16 = _
(5.1) (5.2) 3 X 168
Amount of oxygen liberated or taken in — - 168 x 100 .
75 B

high 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 4§
explosive material to carbon dioxide, water, sulfur dioxide, aluminium &
oxide, etc.

When detonation of TNT (C;HsN;0,) takes place the explosive is
oxidized to form gaseous products. Let us assume that on detonation
the reactants are fully oxidized to form the gases carbon dioxide, water

and nitrogen as shown in Reaction 5.1}

(5.1)

. An Ea]lerna[ive method for calculating the oxygen balance is shown in
~ Equation 52 Here, the oxygen balance Q is calculated from an explo-
. sive containing the general formula C,H,N O, with molecular mass M
q = 14— (2a) — (b/2)] x 1600
M (2-2)
+ Using Equation 5.2 the oxygen balance for RDX (C,H, N,O,) is found

5.1 : 1 :
(5.1 to be —21.6% as shown in Equation 5.3

C,HN,0, — nCO, + nH,0 + nN,
The equation in Reaction 5.1 needs to be balanced, and this can be ot RDX,a=3b=6,¢c=6andd = 6.

done by introducing oxygen atoms (O) as shown in Reaction 5.2.

~anls

C,H,N,0, = nCO; + #H,0 + nN, + nO

¥ T NG

q=L0—@2x3)—(6/2)] x 1600
222 =

C,H,N,0, = 7CO; + nH,0 + nN, + nO —21.6% (5.3)
inftgy e pogyrdg do
C,H,N,0, = 7CO; +24H,0 + nN, + nO

feoderxa aet) i

: -;The balan.ced reaction formulae and calculated oxygen balances [
qg_;exploswc substances are presented in Tables 5 | and 5 2‘ r e
C,HN,0, = 7CO, + 2¥4H,0 + 1N, + nO : £l -2, respect-
ilt'can be seen i'.rom Table 5.2 that explosive substances may have a
EESILVE or negative oxygen balance. The oxygen balance pm‘vid{:(s
id allqn on the types of gases liberated. If the oiygen balanceis lar
d:negative then there is not enough oxygen for carbon dioxfdt; t;) {%:
ed. Cons‘eq.uenlly. loxic gases such as carbon monoxide will be
ated. Thl:.% Is very important for commercial explosives as tl
mount of toxic gases liberated must be kept to a minimum e
giLhe oxygen balance does not provide information on 'lhe energy
anges which take place during an explosion. This information can f)
btained by calculating the heat liberated during tiecnmpmili:m nLF

C,HN,0, - 7CO, +2H,0 + 14N, - 1040

o1
Corer Frg

In order to balance the reaction formula for the combustion of TNT

negative sign is used for oxygen. This therefore indicates that TNT hasj
insufficient oxygen in its molecule to oxidize its reactants fully to fo
water and carbon dioxide. This amount of oxygen as percent by weigh
can now be calculated as shown in Equation 5.1, where the atomic me
of carbon = 12, hydrogen = 1, nitrogen = 14 and oxygen = 16:



Table 5.1 Balanced reaction formulae for some explosives C.H,N,0, - 4CO + S0 4

Explosive substance Balanced reaction formulae for complete combustion o

Ammonium nitrate NH,NO; »2H,0 + N, + 10 CH,N,O, — 2C0, + 2C + 4H,0 + 4N,

Nitroglycerine C,HN;,0q —»23882 +2211“HH60 +Nl§ Nég 10 or

EGDN C,H N,04 — ;+2H,0+ N, + . ) 3

PETN CoHiN.O}; — 5CO, + 4H,0 + 2N, — 20 CHN,O, - 2C0 + 2C0, + 2H,0 + 2H, + 4N,

RDX C3HgNgO¢ — 3CO, + 3H,0 + 3N, — 30 o

HMX C.H,N,O, = 4CO, + 4H,0 + 4N, —40 N 1 ;

Nitroguanidine CH,N,0, = CO, +2H,;0 4+ 2N, — 20 HNOy - 3CO, + C +2H,0 + 2H, + 4N,

Picric acid CeH,N,0; = 6CO, + 13 H,0 + liNz - 6%0 ol

Tetryl CoHiN,O4 —+7CO; + 28 H,0 + 2IN; — 8! T . am

TATB Cﬁl'i6N505 —-6C0O,+3 H,0 + IN,—920 Biles i arilly t ].{: problem of dc(-“-"'“[)t‘?iilit_\l] broducts. a set of

i CiaHgNgOyy = 14C0, 1 340 +13 Rl ]?O Th was developed during World War I1 by Kistiakowsky and Wilson

TNT C,H4N,04 —+7C0O, +21H,0 + 13N, — 1010 __ Kese rules are nowadays known as the ‘Kistiakowsky-Wilson™ rules
(K-W rules). These rules should or ; '

1ly be used for moderately oxygen-

deficient explosives with an oxygen balance greater than —40.0

Table 5.2 Oxygen balance of some explosives

Explosive substance Empirical formula Oxygen balance/% weight Kistinkowsky—Wilson Rules

he Kistiakowsky- Wilson rules are presented in T

Ammonium nitrate NH,NO +19.99 : e able 5.3,
Nitroglycerine C,H,Naég +3.50 E.Using lhesc‘lules. the decomposition products of HMX (C,H.N.O.)
EGDN C,H,N,0, 0.00 -Can be determined as shown in Table 5.4 allyNg Qg
PETN CsHgN,O,, ~10.13 :

RDX C3HgNgOg - —21.60 ‘Ne 3.3 Kistiakowsky Wilson rules

HMX C,HgN Oy —21.62 '

Nitroguanidine CH,N,O, —30.70 Conditions

Picric acid CH;N,0, —45.40

Tetryl C?HSNS‘OE _‘;;;g Carbon atoms are converted to carbon monoxide

L?\]EB gﬁHﬁN}?O(g :67.6{) {ff any oxygen remains then hydrogen is then oxidized to water
TNT C;hsg\laﬁosu —74.00 Ioac:‘;bc;::rﬁ?::ltjg remains then carbon monoxide is oxidized

5 All the nitrogen is converted to nitrogen gas, N,

FRTRGRTE S 4 T 4
explosive substances, knowr' as 'the *heat of explosion’. In ordé,_'
calculate the heat of explosion, the_'_.decomposit:on products of§
explosive must be determined, sinte’the magnitude of the heat'

Decompositi : MX tisi et
s position products of HM X using the Kistiakowsky - Wilson

plosion is dependent upon the thermodynamicstate of its products? Conditions =
decomposition process will be'by detbhation in the case of primafy3 : :
secondary explosives, and burning iti‘the case of gunpowders afd¥ E:irbm!;mms are converted to carbon ~ 4C - 4CO
eloatp pepasln 75 noxide
ts. fe mgan o110 .
ol IFany oxygen remains then hydrogen is 40 4 1.0

then oxidized to water
Ifany oxygen still remains then carbon
monoxide is oxidized to carbon dioxide

f\” lllc ||II“0£(.‘]'] iS conver » i (4 L N —* 4
- C lf.'(J Lo nitrog - 2
g:]S. N1 e ) N

"_lll.'.i_v' (%3 i f 2
DECOMPOSITION REACTIONS

The detonation of HMX (C,HgNgOyg) will result in the formatioft
decomposition products. These may be carbon monoxide, car_b?n
ide, carbon, water, etc., as shown in Reaction 5.3. AR

No more oxygen
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Table 5.7 Reactions for decomposition products using the Kistiakowsk)

Table 5.5 Modified Kistiakowsky—Wilson rules (K= W) viles

Wilson

Rule no. Conditions

Explosive substance Reaction for decomposition products
e s b Kl

to waler ) ; " : e 2
: Fiiin ﬂl;??é?naari?ls{:ﬁ;gr;:trjbgn is converted to carbon monoxide gggﬂ&cef'ﬂe (_‘]]I{ISPI:IJ]((;Q ~ :((J)z 1 E%I:;(-) '*Né O+ 13N,
X e = . vy — -
- ity ill ins then carbon monoxide is oxidized to (- 4 Nag = 2 (-(‘ 2 +2F 2+ N,
3 IFany oxygen still rema PETN CsHgN,O,, - 2C0 + 3¢ O, +4H,0 42 N,
carbon dioxide ! RDX C3HGNGOg - 3CO + 311,0 + 3N,
4 All the nitrogen is converted to nitrogen gas, N, HMX C,HgN,O; —4CO 1 4 H,0 + 4N,
Nitroguanidine CH,N,O, - CO 4 H,0 + H, + 2N,

Table 5.6 Decomposition products of TN T using the modified
Kistiukowsky- Wilson rules

able 5.8 Reactions for decomposition products using the modified

I Conditions ' Products 3 Ki‘.?ffﬂkr)\\:\‘a’f_]' Wilson ( mod. K W) rules
Rule no. ondition: ;
11 . . — P iy - .
1 Hydrogen atoms are converledblo water  5H - 2;H,0 ; Explosive substance Rea, tion for decomposition products
n remains then carbon is - : .
Hanyonee xide 330 -33C0 CoHaNLO, 5 54CO +4C + 11H,0 4 1IN,
converted to carbon mono 2 - _ ¢ g gty T
ITany oxygen still remains then carbon | C,HNLO, - SLCo 11C 4 241,04 2N,
; m:mnxide is oxidized to catbon dioxide =~ No more oxygen ATB CallgN,O, - 3C0 4 3¢ | 3LOY 3N,
All the nitrogen is converted to nitrogen | CiaHgN, O, -9 (_‘_() +5C+3H,0 43 N,
t gas, N 3N 13N, G H,N;0, - 34CO +31C + 2LH,0 + 14N,
v Ny

i the modified Kistiakowsky-Wilson (mod. K -W) rules. Tables 5.7
.9.8 present equations for the decomposition for some explosive
alerials using  the Kistiakowsky-Wilson and  (he modified
kowsky-Wilson rules, respectively.

variation - to Kistiakowsky-Wilson and modified Kistia-
Wilson rules is provided by the Springall Roberts rules.

The overall reaction for the decomposition of HMX is given in
Reaction 5.4,

C,H,N,0; — 4CO + 4H,0 + 4N, (

The Kistiakowsky—Wilson rules cannot be used for explosive i:na
terials which have an oxygen balance lt_:r.\:vei‘ .than —40. Unf_:e};; et:;
circumstances the modified Kistiakowsky—Wilson rules mus '

ployed. RV (5 B

Springall Roberts Rules

Moty Kis.ti;ko_ifl.f‘sﬁl;;-_“—/ils.on Hitles Er:;ngall Roberts rules takellhe unmodified Kistiakowsky-Wilson
i ilson ri d. K-W rules) are pres '%b«g:add on two more conditions as shown in Table 5.9.
b L USiig the Springall Roberts rules the products for the decomposition
i e iti ot N, n of TNT (C,H,N,0 ;) are presented in Table 5.10.
: s for TN snon sHsN,0,
o Rt o 'n'llei t;]:; Ceepibonion piLS ! el'gberall reaction for the decomposition of TNT is given in Re
C,H N, Og) are given in Table 5.6. a . ._
( TThé 0:‘6!‘;” reaction for the decomposition of TNT is given in Reac:
tion 5.5.

ac-

IGHN,0, - 3CO + CO, +3C + 1M, + HO + 1N,  (56)

C,HN,0, — 32CO + 3%4C + 24H,0 + 1¥4N, ( e three different rules for determining the decomposition products
e TaflF, tomad

ere “:t 1 thc dCCO]“ Q! t o Dfe ](JSI'-'C SUbStances can the ; lﬂ) PIOL’[dC an jll‘?l?h[ lo [h[' d[‘CUIH[!(‘:.’-X!IiUI] IFI(‘.('[IC!-;- [he) (IU not
I ]el hhe |rElE:|0”!|”r|GEr(I 1lSl]lg (:llllpel stlhlc ]n(lstlaxkp(} W Sk? h 1!50” (I,\ L } rule b "]]{.” mato ol? i, e {3|]Crg1- rcli‘dRI'L on (_I(_’g-(ﬂ]ll\(‘.":l |.HH i] 1l
e C nas to ||
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Table 5.9 Springall Roberts rules

Rule no. Conditions

erted to carbon monoxide

Carbon aloms are conv ; de )
; Il any oxygen remains then hydrogen is then onfédl_zeg:?d;g(llem
3 If any oxygen still remains then carbon monoxide 1s
carbon dioxide )
i as, N
e nitrogen is converted to nitrogen gas, IN, ,
‘é gllllél-:hird ol’glhe carbon monoxide formed is converted to carbon
arbon dioxide o o
6 gllf;jacsix!h of the original amount of carbon monoxide is converted

form carbon and water

; . sl
Table 5.10 Decomposition products of TNT using the Springall Roberts rules

Products
Rule no. Conditions n
1 Carbon atoms are convcrlgdl to garbop 6C—6CO e
monoxide Ve _ o
2 If any oxygen remains the_n‘hydmgcp lS thf.‘:n No more 0Xyg
oxidized to water ! o )
3 If any oxygen still remains then cqrb(.m No more oxXyge
monoxide is oxidized to carbon d'IOdee ——
4 All the nitrogen is converted to nitrogen gas, IN,
N1

This results in the formula,

lei‘N306—+6CO+C+2§H_Z+IJ;NZ .
| 2C0 -»C + CO,

5 One third of the carbon mont?xid;[orl?eq is
ide
converted to carbon and carbon diox c. i
6 One sixth of the original amount of carbocr; CO+H,;— 3
monoxide is converted to form p?.iril_)‘q:{'l__ ajn
walter 13 h

Fitagp P e R S

el sen, Auhough easl

are essential when calculating :the}he_gltl _qf};:;&p]oﬂp_n A njdu%:ts il

jill provide a different answer for the decomposition pro e

be used as a guide. They are simple to aqpl_y _a_r_ld,do give
approximations. A%

HEATS OF FORMATION

The heats of formation for a reaction containing cx_ploswcacn}:;
can be described as the total heat evolved when a gwern q: -
substance is completely oxidized in an excess amount ol OXygetl,
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ing in the formation of carbon dioxide, water and sulfur dioxide. For
explosive substances which do not contain sufficient oxygen in its
molecule for complete oxidation, i.e. TNT, products such as carbon
monoxide, carbon and hydrogen gas are formed. The energy liberated
during the formation of these products is known as the ‘heat of ex-
plosion’. If these products are then isolated and allowed to burn in
excess oxygen to form substances like carbon dioxide, water, etc.. the
heat evolved added to the heat of explosion would be equal to the ‘heat
of combustion’. Consequently, the value for the heat of combustion is
- higher than the value for the heat of explosion for substances which have
iinsumcient oxygen for complete oxidation. For explosive substances
> with positive oxygen balances, i.e. nitroglycerine, there is generally no
“difference between the value for the heat of explosion and that of the
heat of combustion.

The value for the heat of formation can be negative or positive. If the
value is negative, heat is liberated during the reaction and the reaction is
f8x0thermic; whereas, if the value is positive, heat is absorbed during the
ion and the reaction is endothermic. For reactions involving ex-
plosive components the reaction is always exothermic. In an exothermic
ction the energy evolved may appear in many forms, but for practical
oses it is usually obtained in the form of heat. The energy liberated
hen explosives deflagrate is called the ‘heat of deflagration’, whereas
nergy liberated by detonating explosives is called the ‘heat of
onation’ in kJ mol ' or the ‘heat of explosion”in kJ kg~ !,

fi'a chemical reaction involving explosives, energy is initially re-

_ d to break the bonds of the explosive into its constituent elements
:; h,g}vn.in Reaction 5.7 for RDX.

3 CHNO; — 3C + 3H, + 3N, + 30, (5.7)

i ; . ;
[litse elements quickly form new bonds with the release of a greater
f::nergy as shown in Reaction 5.8.
aitt

(3C + 3H, + 3N, + 30, - 3CO + 31,0 + 3N, (58)

3
Bmolecules of an explosive are first raised o a higher energy level
y'li)_ut of the ‘heats ol atomization” in order to break their
¢i:bonds. Then the atoms rearrange themselves into new
Siles releasing a larger quantity of heat and d ropping to an energy
an the original as shown in Figure 5.1.



-8 Chapter 5 3 Thermochemistry of Explosives
79

3C + 31l + 3N, + 30; E  Tablesa1 Hears of formation of
o . ts of format s -
{ Subsmni;{: wion of some primary and secondary explosive
AHatm AHform Explosive substance Emuiri %
SHES =mpirical formula — Mol w
ol wr iﬂflg | /_'}\]i"r >
. ! SR mo
C;11gNs0s Primary explosives
| Mercury
fulminate ~
s HeC,N,O 59
lLead styphnate PhC 22 28° 1354 + 386
styphn: 2 ( - 386
3CO+3HP +3N Lead azitle PCeHaN<O, ggsle 1826 _8ss
o ¥ !|(\|2 .{.4,(
Figure 5.1 Energy is taken in to break the bonds of RDX into its constituent Secondary explosti 69
elements. then energy is released when new bonds are formed Nilmg_lyc-erinf.: < C.H.N
. EGDN el 227 1674 —380
“ PETN C2HN, 0, 152 — 1704 351
The thermodynamic path presented in Figure 5.1 will most likely not RDX CsHgN,O,, 316 1703 ) ;t:
be the same as the ‘kinetic path’. For instance, the reaction may take HMX :-”ﬁf‘f,\{),; 222 +£279 e
place in several stages involving complex systems of reaction chains, etc. ‘Nitroguanidine CH ?\J\F{)’)“ 296 +253 175
Nevertheless, the energy evolved dependsionly on the initial and final' 1 Picric acid C, [.L‘N“(i l{z}t} —913 —95
states and not on the intermediate ofies: Once the reaction is completed %\‘}”r)’]; C,HN,O, o - 978 —224
the net heat evolved is exactly the same as if the reactant molecules wer ' gﬁlisNﬁ(),‘ 258 ! f_‘g'g 'fl 2;‘
H,N.O 2 — 15
<1416 Mg\ 2 45(0) 1128 :

C,H;N,0, 227 115 iii

first dissociated into their atoms, and then reacted directly to form the
oducts (Hess's Law). The heats of formation of some primary aqdﬁ

final pr
secondary explosive substances are presented in Table 5.11. #:3
INITIATE
: 1
HEAT OF EXPLOSION
e ialhadh {1 — - EXPLOSION
When an explosive is initiated either to burning or detonation, its energ )
-

The liberation of heat under adiabati
éfplosion,’ denoted by the letter Q. Thé

heat of explosion provides infqgmgtjron_»a}bqq_l_.ﬂ,thp,_work capacity, of:

explosive, where the effective propellants and, secondary explos
ropellants burning in the cham

is released in the form of heat.
conditions is called the ‘heat of

GASEOQUS PRODUCTS v
. HEATS @
5.2 Schematic diagram of the irreversible explosion process

generally have high values of Q. For propel
of a gun, and secondary explosives i_i;;‘(‘]e.tqnating devices, the he
explosion is conventionally expressed in terms of constant vol
conditions Q,. For rocket propellants burnihg in the combustion chail
ber of a rocket motor under conditions of free expansion to the atmg
phere, it is conventional to employ constant pressure conditions. I
case, the heat of explosion is expressed as @, 1

Consider an explosive which is initiated by a stimulus of negligith
thermal proportions. The explosion can be represented by the irreve;
ible process as shown in Figure 5.2, where Q is the value of thez hédl

ultimately lost to the surroundings.

er. con / iti

._d._imeill]aarill ml_lulne conditions Q, can be calculated from the

. energies of formation for the products AU? |

the standard internal energies of formation for (| I Eoapusey
g ‘ 1e explosive com-

ts AU _
B f (explosive components) 45 shown in E(] uation 5.4.

Qu = ZAU{J — A Uf?

[ {products . &
i reducts) I {explosive components) !‘:‘4]
ar expression is giv . :

congi[' is gneulﬂu the heat of explosion under consta (
é fo tons as shown in Equation 5.5, where AJJ? represe [.._ an
sponding standard enthalpics of formation: rHEprEREOLs e
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Id
—= 3CO + 3”20 + 3N2

\f\
SR AHI

3C+ 34, 4 IN, + ‘301

Qp = EA‘Hftprm:luu:ﬂs] - EAH?{upluslvg components) (3.5) CJ”GNH()(, é

In considering the thermochemistry of solid and liquid explosives, it is
usually adequate, for practical purposes, to treat the state functions Al
and AU as approximately the same. Consequently, heats, or enthalpy
terms, tend to be used for both constant pressure and constant volume
conditions. !

Therefore, the heat of explosion Q can be calculated from the differ-
ence between the sum of the energies for the formation of the explosive
components and the sum of the energies for the formation of the
explosion products, as shown in Equation 5.6.

Figure 5.3 En.rhm’p_r of detonarion for RDY tsing Iess’s fan
& i B A TA [ ¢ h

e;f:he freal of detonation for RDX is — 111§ kJ Mol ™", This value o
by onverted to the heg of explosion Q asshown in Fe u;nj , ) 5 fens.can
is the molar mass of RDX (22) ‘quation 5.8, where
Q = AH{rm:llonJ = z“AH}(pmdl.n\:lazj i EA!{f(tlploslvz componenis) {56)
: 0 = AH, x 1000 — 1118 x 1000

The calculated values do not exactly agrec\.v'-f_.ilh those obtained experi- M 222 = 5036 kJ kg ! (5.8)

mentally since the conditions of loading density, temperature, pressure,
etc., are not taken into consideration. retd 3

The value for Q in kJ kg~! is generally derived from the heat of
detonation AH, in kJ mol~!, The heat of detonation for RDX can be 3
illustrated using Hess's law as shown in Figure 5.3, -

Using the diagram in Figure 5.3 the heat of detonation for RDX can
be calculated as shown in Equation 5.7: ’

B Auolherexamprc is the cale P . ‘
IShOWn in Figure 5.4 and in 1- : S hes xplosion of PETN -

H(PETN) = — 5380 kJ o) !

AH, = AH, + AH, = AH, = AH, — AH, (CO) = —110.0 kJ moy

Heat of formation of RDX = AH,(RDX) = +62.0 kJ mol~"

Heat of formation of carbon monoxidel = AH, (CO)

= —110.0 kJ mol ! .
' —538.0 kJ mo] 1

Heat of formation of water in the vapour phase = AH((H,0,) [2 x AH (CO)] + [3 x AH, (CO

= —242.0kJ mol ™1 D+ 4 x AH*“'JOrmU

=2 x (—110.0)] + [3 x( —393.7)] + [4 x (— 2420y
Therefore, AH, = AH,(RDX) = +62.0 kJ mol~" ' -
= —2369.1 kJ mo] !

AH, =[3 x AH(CO)] + [3 x AH.(H.,O - : T Toremaanrguation 5.9
. \,2. - g \ ! !rl(nn\l] . .gnauon (ufm'ﬁ}J] mol~*. The heat of detonation for RDX can be - _ N 6200 = _ 1118k
s illustrated using Hess's law as shown in Figure 5.3, A= 85 — a0y = — 10000 — (+ 62.0) = — |
‘mol~' (545 1. Q==""d = TWU _ —1831 x 1000

M A6 T M kikg ' (59
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AHd Heat of Explosion (kJ kg')
CellgNOy; ——> 3C0,+4H,0+2C0+2N,

.511\ /m,

5C + 4H, + 2Ny + 60,
Figure 5.4 Enthalpy of detonation for PETN using Hess's law

7000 - EGDN
x Nitroglycerine
6000 -

Table 5.12 Heat of explosion and heat of detonation at constant ur}{umeﬁ)r sal 5000 -
primary and secondary explosive substances using the K—W and

modified K-W rules. AH; (HZQ)_ is in the gaseous state

e H

Explosive substance Empirical'foi'?nufa AHy/kJ mol™! Q, k] kg

———t—t+—+—+

Primary explosives

-60 -40 -20 0 +20

Mercury fulminate HgC,N,0, —-ggg :;gg Oxygen Balance (%)
é at PbC H,N,0O = .
]]::;g ;Z};EEHT ¢ PbNZ RORE —469 1610 ikigure 5.5 The effect of the oxyygen balance on the heat of explosion
Secondary explosives ? 210, since this corresponds to the stoichiometric oxidation of carbon to
il iy ~ 7 — 1406 6194 St ) . '
l@é{'{‘)’ﬂ.\‘-c“"‘* (63:;5;}389 . :012 6658 arbon dioxide and hydrogen to water. The oxygen balance can there-
L . . - . - =
PETN C;H:NiOTz —1831 5794 ol I_be used to optimize the composition of the explosive (o give an
RDX C,HgNgO4 —1118 5036 PXxypen balance as close to zero as possible. For example, TNT has an
HMX C,HgNgOg —1483 5010 xygen balance of —74.0; it is therefore very deficient in oxygen, and by
Nitroguanidine CH/N,O, —257 2471 ing it with 79% : : G 1 : o 7
bl CH.N.G _Faa 3250 ixing it wit Yo ammonium nitrate which has an oxygen balance of
_?;c;};:lau CjH;N:O; _ 1244 4334 19.99 the oxygen balance is reduced to zero resulting in a high value
TATB CeHgNgOg —902 3496 the heat of explosion.
HNS C,4HgNgO,;  —1774 3942
TNT C,H,N,Oq —1016 4476 A

VOLUME OF GASEOUS PRODUCTS OF EXPLOSION

The higher the value of Q for an explosive, the more the heat gener
ated when an explosion occurs. Table 5.12 presents calculated heats of
explosion together with their calculated heats of detonation for some
primary and secondary explosive substances. The negative sign for the
heat of explosion is generally omitted since it only denotes an exother-.

mic reaction.

From Table 5.12 it can be seen that secondary explosives generate far
more heat during an explosion than primary explosives.

The effect of the oxygen balance on the heat of explosion can be seen

from Figure 5.5.

The heat of explosion reaches a maximum for an oxygen balance of

Effect of Oxygen Balance

The volume of gas produced during an explosion will provide informa-
tion on the amount of work done by the explosive. In order to measure
the volume of gas generated standard conditions must be established,
because the volume of gas will vary according to the temperature at
which the measurement is taken. These standard conditions also enable
comparisons to be made between one explosive and another. The stan-
dard conditions set the temperature at 0“C or 273 K, and the pressure at
1 atm. These conditions are known as ‘standard, temperature and
pressure’, ‘stp’. Under these standard conditions one mole of gas will
¢ occupy 22.4 dm?, which is known as the molar gas volume. The volume
®of gas V produced from an explosive during detonation can be cal-
.culated from its equation of decomposition, where information can be
© obtained on the amount of gaseous products liberated. Examples for the
calculation of ¥ during detonation of RDX and TNT are given below.
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Table 5.13 Calculated volume of gases produce

d by some ex Wosive
: e xplosive sub s
standard temperarure and pressure / ubstances at

The équaiion for explosion of RDX using the K-W rules is given in

Reaction 5.9.

(5.9) Explosive substance Decomposition products Vidmig!
: /am- g
. .
IE\TCJ;r[;ngcerme 3CO, + 29H,0 +10 + 14N, 0.740
Eant 2€0, +2H,0 +N, ° ° 0.737
PETI 2C0'+3C0, + 4H,0 + 2N, 0.780
RDX 3CO 4 3H,0 + 3N, ' 0.908
4CO + 4H,0 + 4N, 0.908

Nitroguanidine CO+H,O+H, + 2N 1.077

C,HN,O; - 3CO + 3H,0 + 3N,

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 Reaction 5.9 it can be seen that 9 moles of gas
are produced from 1 mole of RDX. Therefore, 9 moles of gas will occupy
201.6 dm? and 1 g of RDX will produce 0.908 dm® g~ (908 em?g Yol

gas at ‘stp’ as shown in Equation 5.10: ?::?;f i Sj o e RO N, 3!
Lt _:E_((;) + 11C + 21H,0 + 2IN, 0.820
| 3CO0+3C+3H,0 4 3N,

. ¥ - 3 : : \ :
I mol of gas at ‘stp’ will occupy 22.4 dm ¥i§? 91(9 PaLd ol 3N, :: ;T;
3CO+3LC+ 20H,0 ¢ !N, 0.740

9 mol of gas will occupy 22.4 x 9 = 201.6 dm>
Therefore, 1 mol of RDX produces 201.6 dm* of gas

201.6 '
I g of RDX produces —=—- = 0908 dm3g™'

EXPLOSIVE POWER AND POWER INDLEX

Inanex i ;

Y and thil?lsel v:e l‘?RCIIOII.I heat and gases are liberated. The volume ol gas

O sl iclm? bcxplos;_fn Qican both be calculated independently but
e combined to give the value [or _ : g

i %Sshow“ in EqUalion 512 g 1lue [or the (.‘(p{l)sn'c power

where the molecular mass of RDX is 222 (5.10)

The equation for explosion of TNT using the modified K-W rules is

shown in Reaction 5.10,
Explosive Power = 0 x | (5.12)

C,HN,0, — 315CO + 3¥C + 2¥:H,0 + 1Y4AN, B Th
‘I;evra:;eal;otr t[:!c e;cpioslive power is then compared with the explosive
A standard explosive (picric acid ing i i
sshown in Equation 5.13, where data IoLrJ(;esum"g L e

250kJ g~ ' and 0.831 dm?, respectively.

One mole of TNT produces 74 moles of gas which will occupy 168
dm?®and 1 g of TNT will produce 0.740dm®g ™" (740 cm® g~ ') of gas a

‘stp’ as shown in Equation 5.11:

(picric acid) and (picric acig) A€

Power Index = ___gx__V_ — x 100 5.13
S ] (5.1 }

{picric acid) X [ (picric acid)

74 mol of gas will occupy 22.4 x 74 = 168 dm®

Therefore, 1 mol of TNT produces 201.6 dm® of gas
’ﬁe-_ ower | .
ubétp index va!ues_ of some primary and secondary explosiv
A ances are presented in Table 5.14. Ay explosive
s expe ;
plosivp cted, the \va!ucs for the power and power index of secondary
es are much higher than the values for primary explosives A

168

| g of TNT produces — = 0.740dm> g~
221

where the molecular mass of TNT is 227 (5.11)8

1A

Table 5.13 presents the calculated volumes of gases produced by som

TEMPERATURE OF CHEMICA L EXPLOSION

explosive substances at ‘stp’. :
®When an ex i I S—
plosive detonates the reaction is extremely fast and. initiall
JAdala ¥ ey,

€ gases d ime
e g 0 not have time to expand to any areat extent. The heat
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Table 5.14 The power index of some primary and secondary explosive substances
taking picric acid as the standard

fheu !f]{'h’f’f s ry« Jr f'-.-\.fihj'. e
Q7
1 Nist i Ses [}

\r()]LllIl -
Z( das 5[]{)\1’” mn [ (|l|.l|l(‘ll - }_;. \\rh[‘[(_ ] 15 ”]E it o ];
c HRL { df t—'” era

ture.

Explosive substance o/kig™' Vidmig ! Q x Vx10* Power
index/%
Primary explosives *TyC 7 (5.15)
Mercury [ulminate 1755 0.215 31.7 14 A
Lead styphnate 1885 0.301 56.7 21 Uithortiialy: the
Lead azide 1610 0.218 35.1 13 ately, the heat capacities of the paseo ' oF -
temperature in a non-linear 1 - St us products vary with
Secondary explosives . between lempc‘:a:]l:rlel‘ :;::;‘I('_|11_.;_'I”1L| and Uite g io simple relationship
Nitroglycerine 6194 0.740 458.4 171 I gaseous products at vari v Lhemean molar heat capacities of some
EGDN 6658 0.737 490.7 182 . He 200e1S 2 artous temperatures are presented in Table § 15
PETN 5794 0.780 4519 167 ¢ Using this information, the heat liberated by an explosi St
RDX 5036 0.908 4573 169 tempﬂ‘ratures can be calculated. 7 can |],le Lh Ljp ?_Mt.m at vatious
HMX 5010 0.908 4549 168 graphical representation of 7° "CFSlI:(_) S e determined from a
Nlur_ogu:!mdmc 2471 1.077 266.1 99 iThe heat liberated 0 dl”'i:l i as shown in the example below,
Picric acid 3250 0.831 270.1 100 iertobe 1118 kJ mol- ! - £ an CN_I-’I(.\smn of RDX was calculated
letryl 4334 0.820 3554 132 Fof 1 1ol mol ™" This heat is then used to raise the tempera.
TATB 3496 0.781 273.0 101 : 10l of the gaseous products from their initial ( S F oy
_l[NS 3942 0.747 294.5 109 i) r final temperature 7,. Let us assume that | . s E'Hl?_u‘m.,c ;I to
TNT 4476 110,0.740 - 331.2 115 b at the temperature of the
— 3 ble ?.15 Mean molar hear capacities at constant volime I mol = K -t
liberated by the explosion will raise the temperature of the gases, .;‘.‘ Mp/K  Co, co D
will in turn cause them to expand and work on the surroundings to giyi =fne. Mt 0 B N,
a ‘lift and heave effect’. The effect of this heat energy on the gas caf 45.371 25.037 34.459 22782 -
used to calculate the temperature of explosion. :g;g‘?‘ 25.204 34.945 22966 ij SQR
The temperature of explosion'T, is the maximum temperature t 46.409 g:gé? 35413 23.146 25 Ogg
the explosion products can attain undet adiabatic conditions*I 46.710 25 610 ;;ggj 23322 25175
assumed that the explosive at an initial temperature T| is convert 46.99] 25.769 1(:'761}: 3\:,493 25.317
gaseous products which are also at the initial temperature 5 27-253 25.895 37,104 7}12?: fi"m
temperature of these gaseous products is then raised to T, by the hea 4;.?22 "2’(*-01'2 37485 231995 ;,\jg:
explosion Q. Therefore the value of T, will depend on the value of @ 47.965 ;g;;f -:7 849 24.154 25820
on the separate molar heat capacities of the gaseous products as 48.175 26317 1531‘?2 24.:(19 25.928
in Equation 5.14, where C, is the molar heat capacities of the product 48.375 26.409 38.861 53'630 002
constant volume and X represents; the summation of the heat ca :g;gg 26.502 39.17] 24'?4; 3(, H‘i
integrals corresponding to the separate components of the gas mi3 48:922 gg;?g ig‘?‘;f 24.886 52 317
) DL 39.76 25012 i
:
. : 26.819 40.305 25.248 v
0Q=%x| CdT :9.4{}] 26.891 40.560 25405 :G.f_s(ﬁ}
n
: 49.823 333{39 ] 25.644 26.7 78
The rise in temperature of the gases is calculated by dividing the 50.430 ;j'ni jig_ﬂ 25.757 26.845
50.949 27.623 43 {1"?‘ 33?3:; _‘z ::?1

generated Q by the mean molar heat capacity of the gases at ¢
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Heat Liberated (kJ)
1200
Q= 1118kl mol '} —

S {:'1]::]1]& |e|i || Om ]he mean ||1()lar hea[ [:apa(:" 1e5 |)1 the gasc()]]s ]’”d.
IS Ce p

ucts at 3500 K as shown in Equation 3.16:

110K -

i 5.15: -y
Mean molar heat capacities at 3500 K, using Table

CO = 26.744 ] mol~ g !

T. = 4255 K
90x) |
3500 4000 4500
Femperature of Explosion (K)
Figure 8.6 Calculared values of heat liberared
explosion T, for RDX

H,0 = 40.037] mol 'K ™!
1

N, = 26.481 Jmol ™' K~

i losion of
Heat liberated by the exp T
RDX at 3500 K = Q1s00k = (£C,) % (T, 0

ar various temperainres of

‘Various temperatures of 7. a graph can be drawn and the

' 500 — 300) ! : & correct value
=[(3 x 26.744) + (3 x 40.037) + (3 x 26.481)] x (3 g for T, can be obtained as shown in Figure 5.6.
Dastak = =i . e Using the graph plotted in T igure 5.6 the value for the temperature of
Qysook = 895315 J mol § = (5.16) ¢ plosion for RDX is found to be ~ 4255 K.
Qisook = 895.3 kJ mol ™! ;

N ich i low si
is 895.3 kJ mol ! which is too

The calculated value of Qaso0k 1S 89. : iz
“w}(:q,ltlliill;cialcd during an explosion of RDX is al!'eadn)rrmkslt i
o e;} |~ . Therefore, the temperature ol‘explosnonrb i by‘i{
“182 r:zi as.sume that T, equals 4500 K, t'he }ieat]a:e;: gl 125
Le{lsqion of RDX at this higher temperature is calcu G
explos k I s
kamol ~1 45 shown in Equation 5.17:

MIXED EXPLOSIVE COMPOSITIONS

t explosive and propellant compositions contain a mixture of com-

Is so as to optimize their performance. Some of th
ot contribute to the heat liberated
en. These materi

e CU”'IPOI]CIIIS
and may not even contain
Vi als may however, contribute to the gaseous prod-
gpd reduce the actual temperatures obtained on detonation of the
'Ee or burning of the propellant. An example of a typical mixed
i_lve composition is one which contains 60% RDX and 40% TNT,
Where the heat of explosion Q has been optimized. In order to
ate the values of Q and V for this composition the oxygen balance
he reaction for decomposition need to be determined. But even

_hese can be calculated the atomic composition of the mixture
st be established.

Mean molar heat capacities at 4500 K:
CO =27372Jmol ' K~'.
H,0 =42.300J mol ! K™! -
N, = 27.154 Jmol ™! K B
Heat liberated by explosion of RDX at 4500 K: . 4
Qusoox = [(3 x27.372)+(3 x 42.300) + (3 x 27.154)] x (
Q‘;;OM — 1220007.6 J mol ™!

Qusoox = 12200 kJ mol ™"

Atomic Composition of the Ex plosive Mixture

tions for the atomic composition of 60% RDX/40% TNT are
ted in Figure 5.7.
the calculations of the

, : d durings
This value of Qs00x IS 10O high since the heat ibeznt : found to be C

z ] !—l l H h l dlo””(., CC II]IH]QI{IH” [h mpi i '|I f
L& pil 1 R eI I 1'1c I

n n:nd”n ngf-nNn_UE 1 <()n N2aR-



0.01620
0.01056
0.02676

0.01620
0.00528
0.02148

0.01620
0.02500

0.00830

Mol of atoms in lg of explosive mixture

C
0.01232

0.02042

0.00810

0.00176

Molar proportion

in 1g of mixture
0.6 = 0.00270
23

Total

227

0.4

Molar

by mass (g) | mass (g)

222
227

Proportion

0.6
0.4

ition of 40% TNT
Figure 5.7 Calculations for the atomic composition of 60% RDX /
igure 5. i

Empirical
formula

C; HQNGOG ]
C‘JHSNSQ&

substance

Explosive

RDX
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Oxygen Balance

The oxygen balance can now be calculated as shown in Equation 5.18:

O [d —(2a) - (h/2)] x 1600
= ____r”______
).0268 — (2 1.0204) — ((0.0250/2 00
- 068 =@ x 00200 - 0020y xtew_

For binary mixtures the calculate
_to the amount of each

d value of Q is directly proportional
& shown in Equation 5.19,

component and their individual ¢ values as

Q=0,/ +(1 1,0,

Q=(-216x 0.6) + (1 - 0.6)(—74)

=42 (5.19)
there Q, and /, arc the oxygen balance and mass of the first component
e. RDX), respectively, and €, is the oxygen balance of the second
Omponent, (i.e. TNT).

Decomposition Reaction

Ehe reaction for the decomposition products of the mixed e
Jmposition can be determined by appl
OWsky-Wilson rules as shown inT
: ":e overall reaction for the decomposition of 60% R DX /402, TNTis
i¥en in Reaction 5.11.

xplosive
ying the modified Kistia-
able 5.16.

6Ho 026N 021500268 — 0.0143CO + 0.0061C + 0.0125H,0 + 0.01075N,

(5.11)
6 Decomposition products al 60"

r RDX /407, I'NT using the
Kistiakowsky - Wilson rules

no.. Conditions

Products

' Hydrogen atoms are converled

to wialer D.0250H - 0.0125 1,0
ITany oxygen remains then carbon is

converted to carbon monoxide

“Ifany oxygen still remains then carbon
~monoxide is oxidized {0 carbon dioxide
( All the nitrogen is conver(ed Lo nitrogen
‘gas, N,

001430 - 0.0143C0O

No more oxygen

D02ISN 001075 N,

e e
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) Volume of Gaseous Products
Heat of Explosion

i i ition can now be
i d explosive composi
f explosion for the mixe : ki
Ta};ZJ;i?;dofro:E the heat of formation for the ex;')lo:::iveuit:r;gfm
(t:} 2 hc;t of formation for its products as shown in 5 ) [0;— o
1U ing the diagram in Figure 5.8 the heat of detonatio
sing

i i 20
40% TNT can be calculated as shown in Equation 5.2

The volume of the gaseous products liberated during an explosion by
the mixed explosive composition at ‘stp’ can be calculated from the
equation for explosion as shown in Reaction 5.12.

Co020aH00260N0.0215 00 6x — 0.0143CO + 0.0061C +0.0125H,0 + 0.01075N,
(5.12)

From Reaction 5.12 it can be see
from I g of mixed explosive
0.841dm?3 g~ ' as shown in

n that 0.03755 mol of gas is produced
composition, which will occupy a volume of
Equation 5.22:

AH, = AH, — AH,
AH,(RDX) = +62.0 kJ mol ™"
AH,(TNT) = —26 kJ mol ™"

1 g of gaseous product contains 0.03755 mol
_ kJ mol ™!
AH,(CO) = —110.0

2| g of gaseous product will occupy 22.4 x L03755 = 0.841 dm> g !

: :' (5.22)
AH(H,0,,,) = —242.0k] mol

AH, = AH(Cp 0204Ho.0250N0.021500.0268) + )

AH, = [0.0027 x AH (RDX)] + [0.00176 x AH(T NTI}zjz kJ
AH, = [0.0027 x (+62)] + [0.00176 x (=26)] = +0.

Al = [0.0143 x AH,(CO)] + [0.0125 x AH{(H;0)] 4508 1]
AH, = [0.0143 x (—110.0)] + [0.0125 x (—242.0)] = —4.

= —472k] (52
AH, = AH, — AH, = —4.598 —(+0.122) gt

tion for 1 g of 60%
fue for the heat of de!on_a i
32?483}(:};";?%5 “_f':‘ -:32 kJ. The heat ofexplusson'Q is ?dlculaled t
4R720 kJ kg~ ! as shown in Equation 5.21 where M is lg

. The mixed explosive composition containing 60% RDX witl; 40%
NT therefore has a Q value of 4720 kJ kg ' a Vvalue of0.841 dim? g,
nd a power index equal to 147%,

ENERGIZED EXPLOSIV S

he heat of explosion Q can be increased by adding to (he explosive

position another fuel which has a high heat of combustion AH_.
ch fuels can be found with the lighter elements of the periodic table as

nin Table 5.17.
eryllium has the highest heat of combustion of the
lowed by boron and aluminium. Aluminium is a rel
eful element, and is used to increase th
positions, such as aluminized

solid elements.
atively cheap and
¢ performance of explosive
ammonium nitrate and aluminized

.

e5.17 Heats of combustion of some light elemens

AHy x 1000 _ =472 1000 oo iiot (52
Q= =

M 1 : Relative Ali, All,
061C + 081l atomic meass /kJmol ! /klg!
0 AHg 0.0125H,0 + 0.0143CO + 0.0 G- T e ——
Co.0204H0.0250N0.021s00.0268 9.0 —602.1 -66.9
; 10.8 —635.0 —58.8
6.9 — 2939 —-42.6
M’K /w’ 270 —834.3 ~ 309
243 — 602.6 - 248
0.0204C + 0.0125H, + 0.0175N, + 0.01340, / 32.1 - 2953 ~92
: ; ’ ining 609 - 7 _
't 5.8 Enthalpy of detonation for an explosive mixture containing A 654 353.2 5.4
Flgares. !iDX and 40% TNT
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. containing aluminium, where a maximum v

alue for the power can be
- achieved by adding 18-25% aluminium.

i asti xplosives,
TNT. Aluminium is also used in some commercial .hldslmglf;:lpa i
I i ' nts
particularly in water-based slurry explosives, which co |
* . .
percentage ol ammonium nitrate.

F:ORCI"Z AND PRESSURE OF EXPLOSION
Addition of Aluminium

This chapter has so far described (he total che
When a chemical explosion takes place. This energy is released in (he
orm of kinetic energy and heat over 1 very short time, i.e. microseconds
n a detonating explosive a supersonic wave is established near to the
nitiation point and travels through the medium of the explosive, sus-
aihed by the exothermic decomposition of the explosive malterial be-
thind it. On reaching the periphery of the explosive material the deton-
on wave passes into the surrounding medium. and exerls on it a
lidden, intense pressure, equivalent to a violent mechanical blow. If the
' dium is a solid, i.e. rock or stone. the violent mechanical blow will
Ise multiple cracks to form in the rock. This effect is known as
sance’ which is directly related to the
ckwave front.
ter the shock wave has moved away from the explosive com position
gaseous products begin to expand and act upon the surrounding
um. A crater will be formed if the medium is earth, in water a gas
ble is formed and in air a blast wave develops. The intensity of the
BEOUS expansion will depend upon the power (Q x V) of the

ical energy released
: . . ing —1590k),} mica g
The oxidation of aluminium is highly exothermic producing

as shown in Reaction 5.13.

= ~1590 kJ
2Al, + 1%0y = ALOy, A =-1

“Il osive co !lll |] the a]" n n 1 “ ga ou
miniul r s
4 1 1 os1on €ac W twh 1€ SE .

Inane . Hu .
products particularly in oxygen-deficient compos

oxygen exists as shown in Reaction 5.14.

— -741 kJ i
3CO0,, + 2Al, 3CO, + Al Oy, AH, ;
gy

866 kJ

i}

31,0,

+ 2Al,, — 3Hy + ALO;, AH,

detonation pressure in the

I

; -1251 (5145
3CO, + 2Al,, — 3C, + ALO,, AH, 1251 kJ 8

The volume of gas does not change in lhe-. ﬁritst ml']cl: r:flzlrll(::as,t i
moles — 3 moles. Consequently, the increase in t 1eeo prhigh i
the oxidation of aluminium p;olongs;thg .pres;:nrcairb]asw i
This effect is utilized in explosive compositions olhere o 1imit ¢
heaving, or large underwater bubbles. However,

i losive composit!
amount of aluminium that can be added to an exp )

explo-

force exerted by these gases on their surroundings can be cal-

from Equation 5.23, where F is the force, i is the number of
of gas produced per gram of explosive, R is the molar gas constant
s the temperature of explosion in Kelvin

shown in Table 5.18. : . ' . o
The heat of explosion Q increases with an increase In the quant

ing in the(p
aluminium but the gas volume V decreases, rfiu]:n:%% hi
Q x V reaching a maximum value of 381 x 1077 at. e
The same eflfect can be observed' for other explosive comp

; F— NRT, (5.23)
Tt ; ion and
Table 5.18 Effect of the addition of aluminium on the heat of explosion

ducts for TN T/ AL These values have been the Gas Law at ideal conditions,
of gaseous proauc .

volume .
obtained experimentally : P V.= nuRT (5.24)
= ’ 351 x Vi ' : o
Aluminium/% weight Q/kl kg ; V'/dm g = : 1 i
TP 318 " Is the pressure of the gases at the lemperature of explosion and
0 4226 0,693 360 e initial volume occupied by the explosive materials. In an
9 gigg 0.586 381 001 the pressures are so high that the Ideal Gas Laws have to be
18 7980 0.474 %‘;g ] by the addition of a co-volume %, as shown in Equation 5.25,
25 0.375
7657 :
32 el 0.261 2 T : 525
40 8 PV, —9)=nRT (5.25)
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of the explosive materials.

Chapter 6

Equilibria and Kinetics of Explosive
Reactions

The thermochemistry of explosive compositions has been discussed in
detail in Chapter 5. The Kistiakowsky-Wilson and the Springall
Roberts rules both give an approximate estimate for the products of
Edecomposition, which is independent of the lemperature of explosion.
& The formulae and calculations for determining the heat of explosion
0 assume that the explosive reactions go to total completion. How-
Byer, in practice the reactions do not go to completion and an equilib-
Hum is set up between the reactants and the products. This equilibrium
‘l_so dependent upon the lemperature of the explosion el

EQUILIBRIA

any equilibria take place. These
balance of the system. The most
eaction 6.1,

Uring a chemical ex plosive reaction m
uilibria are dependent on the oxygen
ortant equilibria are presented in R

CO, + H,=—==CO0 + H,0

2CO===C + (0,

CO + H, C + H,0 (6.1)

I only becomes important as the
antity of carbon monoxide and
en in the products begins to increase. All three equilibria are
rature-dependent, and the equilibrium position will move to fa-
€ reactants or products depending on the lemperature generated
reaction.

e, last equation in Reaction 6.
balance decreases and the qu
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T T— The Water—Gas Equilibrium
The water—gas equilibrium is present not only in the decomposition of
RDX but in ‘many other chemical explosive reactions, The temperature
of the reaction will move e equilibrium to the left or right.
in the temperature of the reaction will re
more successful in competing for the
tures carbon is more successful.

The total amount of energy liberated, j.¢
the water—gas equilibrium, depe

An increase
sult in hydrogen becoming
oxygen, whereas at low lempera-

Temperature of Explosion «———— 1leat of Explosion

5 fe ilibrium reactions
Figure 6.1 Cycle of determinable parameters for equilibrium r

the heat of explosion Q in
nds upon the relative proportions of the
reactants (carbon dioxide and hydrogen) to the products (carbon mon-
oxide and water). This can be seen from Equation 6.1 where the
formation for carbon dioxide
monoxide and water:

In order to determine the products of c'iecomp.osmoi]li:;r] a; eg;[:lltl:e
rium reaction the temperature ofl explos;?nl Tc :zrr:c([]epends ;pon b
calculated from the heat of explosion Q \:.i 1:111;% : )

v dcc(lmt?r?r‘:islitelTgea;:{ig)ti?slgf dcgcomposilion for equilibrium

3 'mdcrlt? K? tiakowsky-Wilson or the Springall Roberts rlllFes (ﬁm
LeaCll(}l];zdl 'ILZ a sia;ting point. From the products of decor];{])ost:;?ne[:
I eaatpzfjnd temperature of explosion can then be calcula:jtedis redem][;po-_
o »fexplosion can then be used to calculate the produc Oni] sampe
ition I P)r;zctice this process is repeated many times u1 e
imr{;:ﬁle?nl betweeh the answers obtained, E(;t;ull:bbr:a' ofdcg;nfo:pum
" i § are today obtaine ! :
:jg:zz::l ?]EQ]:EIJ[;I;f;}r?op?lr;:nttasgslt::zadatﬂ is J;:seful in predicting thé
dire;“““ 32? T:tigito?: [}\::;i]l-e::zt:](:lr;’te the products of dcmmp?f;::ﬁ::;
lel_rl;p:r;:(:re Sfexplosion and heat of explosion for RDX at equili

conditions.

heal of
emits more energy than that for carbon

AH(CO,) = —393.7 kJ mo]- !

AH(CO)+ AH(H,0,)= 110,04 2420= - 3520k mol ' (6.1

On the other hand, the heat ca

pacities of carbon monoxide
less than those for car bon di

and water
wide and hydrogen as shown in T

able

1

Consequently, the small
of carbon monoxide and w
explosion,

amount of heat generated by the formation
ater may result in a large amount of heat of

Heat of Explosion
order to calculate the he
Onditions the exact quantitic
ater must be determined. Th

at ol explosion for RDX at equilibrium
Products of Decomposition s of carbon dioxide, carbon monoxide and

ese can be calculated from the equilibrium

ition p H¢NO
As a starting point the decomposition pm(.:l ucts foi R]{:;;(Z(Cizt;_(,a)
are calculated from the Kistiakowsky-Wilson rules
shown in Reaction 6.2.

C,HN,0, - 3CO +3H,0 + 3N,

ble 6.1 Comparison of the mean molar heat capacities for carbon dioxide and
£ hydrogen, and carbon monoxide and water

1€ L("n] IIete ec “:ll(ls]"n (0} R])x d(}f: n(,t dclua“y 13](6 pla COE )' 2.,"’.[ ¢ ( !12(} ¢ f)fi II‘JUI k |
i l d 0 n f S + /1 m ‘l [

A for com l 68.153 59 496

: : in the RDX molecule bt 153 59,496

because there is not sufficient oxygen in t] ducts compete for the 70.656 62475

i tants. Instead, the produc ﬁ :

oxidation of the reac i ket re set up. Th 72.435 64.852
i uilibriumi reactions a e oo 24 s

able oxygen and various eq tiotis i the water—gas eqmllbl‘lh L. SR(‘} (h.;ﬁ'l‘

; pilibrium reaction e 58( 63362

important of tiese eg',l : ; 76.726 69.672

shown in Reaction 6.3. ] 77718 s

(:()1 + I[I —_— CO + I]IO
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brium constant K, for the water—gas equilibrium is

constant. The equili
he square brackets [ ] are the

given in Equation 6.2, where the terms in t
concentrations in mol dm ™2,

B [CO] [H,0]

' [CO,] [H.]

(6.2)

neral formula of an explosive C,H,N.O, the concen-
d products can be determined. For the
n will react to form carbon monoxide
Il react to form hydrogen gas and
s, and oxygen will combine

By using the ge
trations for the reactants an
reaction involving RDX, carbo

and carbon dioxide, hydrogen wi

water, nitrogen will react to form nitrogen ga
n the explosive composition to form carbon mon-

with other elements i
oxide. carbon dioxide and water as shown in Reaction 6.4.

C,H,N.0, —» n,CO, + n,H,0 + n N, + n,CO + nH,

The values for th
from the stoichiometric equations involving the number

g, My,
n, and ng
6.3 and 6.4, respectively.

ng Ny

=
ny Mg

a=i; + Ny (carbon-containing molecules)

b= 2n, + 2n, (hydrogen-containing molecules)

¢ =2n, (nitrogen-containing molecules)

d=2n, +n,+ny (oxygen-containing molecules)
6.4 can be rearranged in terms

LRl |
The formulae shown in Equation
n,, n, and ng as shown in Equation 6.5.

Ny = a—ny
n,=d—2n, —ny
Substituting for n, givesn, =d —a —ny

ng = b/2 —n,

Elimination of n, gives ng = b/2 —d +a +n,

(6.4)

e terms a, b, ¢ and d in the reactantcan be determined
of moles, i.e.ny,

etc.. for the products. The equilibrium equation in terms of 1y, 1z,
and the stoichiometric equations are presented in Equalicr@}s

' E
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The equati
ation fo ilibri
i e r llllc B(]UII][?I‘IUJ‘I] can be now be written in ter
shown in Equation 6.6. L

[ ____{‘_"_"ELH‘! —d —ny)
m)b/2—d +a+n,) (6.6)
The value of K, incr '
K, increascs with temperature as shown in Table 6.2
s shc able 6.2.

h Telor s { 1€ I roducls on ll F__. =il H € L
I ]f: ‘1() €, I!l ) I C e I 'hl h ||](I qid(, ”I ll}i' wiler Bpas
q dse as c I l < e rises ” we assu I
equi |b.|]l““ W1 mcrease a [Il lem eratu i assume | 1at [IIC

: tempﬂ"dlult‘ Oi ex IS1O = 4 ) L f I e o } m
4 p]( ston It‘ OU K [I] n hl—_‘ value [ K I ecor
i 1e8

Ubs[lll” |]g II € Vi il!(_-.‘- r( [ h 1+ dn “f il] ( ]'( 1 |[ } ( &
92“8 1 1€ va > b} 1, (.f to - Ltion ( } |h

¥
concentration of C
Or( O s ey e
i 2 Can be caleulated as shown in Equation 6.7, wi
fqus .7, where

able 6.2 71
: e dependence 5 i
i I ence of the equilibrivm constant on 1o
er-gas reaction : miemperature for the

= Equilibrivm constant K "

3154 LS
3584
4.004
4411
4.803
3177
3533
5870
6.188
6.488
6.769
7.033
7.279
7.509
7.723
7.923
8.112
8.290
8455
8.606
8.744
8.872
8.994
9.107
9.208
9.632
9.902
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the values of a, b and
tively.

@3 -n)6—3~— n,]
9.208 = - ——— 27T
0 {r1ﬂl(&z’2—-6+3+n,]

8 -
9208 =————— 7
1

9 — 6n, +ny’
. b
ny
9.208n,> — 9 + 6y — n2=0

8.208n,2 + 61, —9 = 0
n, = 0.7436 or — 1.4764

The quadratic equatio
one of which is negativ
other compounds can now
n, as shownin Equation 6.8.

ny =3 — 0.7436 = 22564 = [col

n, = 6 —3 — 07436 = 22564 = [H,0]
ny=3— 643 40436= 0.7436 = [H,]

alculated in Equation 6.8 the va

Using the values ¢

obtained, as shown in Equation 6.9.

2.2564 x 2.2564
oo 9.2077
17 70,7436 x 0.7436 U3

This va
calculations.

The overall equation
equilibrium conditions is give

for the det

C.HN¢

In order to calcul
detonation must firs

Figure 6.2.

d for RDX (C,HgNsOg) are

9 — 3, —6ny + 30y ¥ n,’

n results in two values [q

¢ and can be ign
be determine

ored. The concet
d by substituting t

lue compares well with the value of 9.208 used in th

onation of RDX at 4000 K.

n in Reaction 6.5.

0, —> 0.7436C0, + 2.2564H,0 + 2.2

ate the heat of explo
{ be determined using Hess's
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- i Alld
C3llgNgOg ——»  2.2564CO0 + 2.256411,0

+0.7436C0, + 0.743611, + 3N,

4
A, /,\ I

3C + 31, + 3N, + 30,

3, 6 and 06, respec-

Figure 6.2 En

. 1} it ) 3 . .
I Tf”IIr 1 of detc ”'””'”.-(r”' RDX under e nilibri . . X
Tess's law { rium conditions using

{5 ['l!‘l““ mn } rure o ] eal illU 3 X
€ i: < Te (.._, tli(,‘ h - 0[ C nation Il I R[)\
UII(|EI eq'LlI]ihl am ce Ildll]ﬂnf\ can ]’L Ctlh_lllxll{'d as c-I'I'."\-\-' nin l lll( |
qualion

= 6.10.

Ay = NH; 3 A=A, =Xy~ N
H,(RDX) = + 62.0kJ mol ' ‘ |
IAH, (CO,) = —3937 kI mal !

: ((CO) = —1100 kJ mol !

1 (H,O) = — 242.0 kJ mol !

(6.7) 1
b

r the concentration of
1trations of
he 0.7436 for

tetefore, AH, = AH (RDX) = + 62.0 kJ mol

[2.2564 x Al (CO :
f _ }] F|2.2564 ;
[0.7436 x AH,(CO,)] 12,2564 x AL, (11,0,,)]

.f i
i:= [22564 ¢ (=1 10-[}]] 12,2561
g+ [0.7436 x (—393.7)] [2.2564 x (-242.0)]

= — 1087.0 kJ mol !
= AN, — =
. , —AH, = — 1087.0 — (+62.0) = —1149.0 kJ mol "'

lue of K, cd

(6.10)

gl — .
hea.l;dotfod;a]tomlu_m for RDX is — 1149 kJ mol~'. This value c
: 1e heat ol explosion @ as shown in Equati w e o
molar mass of RDX. AR e

564CO + 0.7436H
o = AHa x 1000 1149 x 1000
M -

lCerX 105!‘0! 4 il Cg 1 L L L {

p 1|rl)| RI)\ al e ]ll]llh”u” LUll(Illl“nﬁ 15 i““” 1 Lo !"‘
g s 5 1S higher than the \111“(_ Ldl\.lll"l“.d mn ( h 1!“@[ s

k {I“q S I H 12

= —5170 kI kg ' (6.11)

sion Q for RDX the k
Law as sho¥
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equilibri ati :
q um equations. Examples of such equilibria which m

the Kistiakowsky—Wilson approach (5036 kJ kg~ ') which assumes that
i : :
mportant during an explosive reaction are presented in Rea

the reaction goes to completion.

ay become
clion 6.6,

ViN, + CO,=——(C
Temperature of Explosion : 2 CO + NO

In calculating the heat of explosion we assumed that the temperature of
explosion T, was 4000 K. If this assumption was correct then the heat
liberated by the explosion at 4000 K should equal 1149 kJ mol~ ! The
calculated value for the heat liberated, where the initial temperature is
taken as 300 K, is presented in Equation 6.12. The values for the mean
molar heat capacities at constant volume can be found in Table 5.15.

2C0 T o
C+ Co, (6.6)

KINETICS OF EXPLOSIVE REACTIONS

Kinetics i dy ¢ : ;

macuOn;z;:e;:u\i}r;)fr.:?f rate of change of chemical reactions. These

Ao i ;f'e,:.,.:f" mstantlancqus reactions such as deton-

O e Sever;I o IEII]!?{BS, Ie. (i|s.<;t.1[ving sugar in water, and

g e % . e,s. ie. the rusting of iron. In explosive
s very lasl and is dependent on the temperature and

Mean molar heat capacities at 4000 K:
- - - i Pressu acti
CO = 27.091 Jmol ' K : re of the reaction, and on the concentration of the reactants
H,O = 41.271 J mol ™! K-! .

Activation Energy

( O == 49 82-‘.’ 1“0]

ratlitz lEhe len.1per:11ure of the explosive so th
or

. ufl':a:;l:vr;l;!mlspu[s. Il the energy generated by the hotspots is
1 1on energy no reaction will : | h
: : oty : 3 : take place : ¥
pt:lt.ls WJt!;lgrr;duaIIy die out, as shown in Figure 6.3 .

e othe ' ; ) e

1 r hand, if the energy generated by the hotspots is greater

/[\
Activation
Energy

H, = 25.757 J mol ™ K- -
N, = 26,845 J mol ' K~ at ignition takes place,
Heat liberated by the explosion of RDX at
4000 K = Q4o00k = (EC,) X (T, — T)): :
Oeooox = [(2:2564 x 27.091) + (22564 x 41.271) + (0.7436 x 49.823
+(0.7436 x 25.757) + (3 x 26.845)] x (4000 — 300)

= 1076656.7 J mol~*

Q-UJUGK
Quooox = 1077 kI mol ™"

e f_‘

The calculated heat liberated at 4000 K is 1077 kJ mol !, which
than the original value of 1149 kJ mol~ L. A higher temper: ki T
explosion should now be taken and the cycle repeated. Eventually )
would lead to an answer of 4255 K for,the temperature of explg_ iof 2 E;E;L:
Similar calculations can be carried out on mixed explosives. Change
propellants if the composite formula is known for the materials:
of the water-gas equilibrium will produce a _result that i_ .
approximation to the experimentallf-derived figure than
tiakowsky-Wilson and the Springall Roberts approaches. ;
The method used above for calculating the temperature and
explosion for the water-gas equilibrium can also be applied

Explosive

Products of
Explosion

:S{.‘ f ? F: ro m( Masines
C dHG al f”’f reactt e le for ehe e .‘Hr(‘\ff
heﬂ!{]“ Tgran o re o /] }‘ v
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Table 6.3 1 . .
3 ;r':fi‘iit’s_fm' the activation energy E and collision f
ary e - a1 = L iston . i .
Rate z v and secondary explosive substances SEEArINIOr Sinie
(mol 57 xplosive substance
ance Activation energy Collisi s
E/k] el - £ Arl 15ion factor
Primary explosives —
Mcrcury fulminate 105
Silver azide 167 mn''
Lead azi 1
Temperature (K) e 160)
Figure 6.4 The effect of temperature on the rate of reaction Seﬁ."d“’}' explosives
Nitroglycerine 96
. ) ; - ) I—B_[l'y} (Cr}'ls‘-illiill(_‘} 3 4 _; T
than the activation energy the reaction will proceed forward with the PETN LL 10225
formation of the explosive products and the release of energy. The EDX . ]l;; e
activation energy therefore represents an amount of energy which is’ : Tﬁr_}c acid 4> [
required to take a starting material (i.e. an explosive compound at HMX 222 ::;, :
and convert it to a reactive, higher-energy excited © 3 220 10197

ambient temperature)
1 this excited stale, a reaction occurs to form the products with

state. It
amount of energy which is greater than

the liberation of a considerable

the energy of activation.
The values for the activation energy can be used to measure the ea

with which an explosive composition will initiate, where the larger theis
activation energy the more difficult it will be to initiate the explosivet,

composition.

l'llj can be d i I
LISIIﬂInClI I the muonber of ¢ ll 5 ns 1l i‘l HE
rom ll ]l 'l{ L1 II j('f d I(l 1 l
2 5P "t v L

spel secoi /
id between the molecules. The term e #/#7
15 a measure of the

raction of collidi .

o e o drmg nnlaleculcs that result in a react :
ole l' - ZE€ro activation energy) then ¢ **7 action. Therefore, if
= cules react; conversely, if [/R7T - . =1
“lion energy > | then L

] 0 and all colliding
, the majority 1di M g
Values for the COI“qumfIE luf lh1e colliding molecules do not Ecinilld'll?f‘]-
L S actor A and the activati or some
ey o . 1e activation energy I for s
& Primar lol'{ddf) explosives are presented in Tabl - { S
i ry ::xp osives have low values for the aclj i
g actor compared with secondary Ny

Rate of Reaction

The rate of the reactionis determined by the magnitude of the activation
y, and the temperature at which the reaction takes place. As {he
d, an exponentially-greater number Off
f activation. The rate ¢
ntial fashion

illi(_)]] Cﬂc}'g 3 i

S = A y and
energy to initiate primary explosi explosives. Therefore, it takes
B external stimulas, i y explosives and makes them more sensili ’
plosives e Lihes \ I'.I(. m;_pncL friction, ere.. whereas %‘L‘-c(:;f!lhw
; values for the activati as dary
ctor, and ar i 1e activation energy :
: are therefore o 1T on energy and collisic

s ore more diflicult to initiate ‘ u_‘”l""““
d Sllmu]us, ate ||]'"Jd ](_‘t;s Sl'll?\r[!'\,c o

energ
temperature of the system is raise
molecules will possess the necessary energy o
reflore increase accordingly in an expone
as illustrated in Figure 6.4. -
be described using the rate-temperatul

s the Arrhenius equation, 6.13,

reaction will the
the temperature rises,

The rate of the reaction can
relationship, which is known a

| " : . - .
k e ( l e Kinetics of Thermal Decomposition
= All explosives unde .
" i
A go thermal decomposition at temperalt far |
dLUTES [ar pe-

oW those Tat _
Blermii{' “]u;h explosions take place. These reactic
: pmv‘dmgt & sllab|11t],' and shelfl life of th; % “r.‘|_;?n.:.~: are
i ide uscful information on the susce xplosive
he kinetic data Susce

action, A is a constant for gl
L T'is the temperatu
8314 mol ' K41
pre—exponcntiai factes

important

where k is a constant for the rate of re
The reactions

material, E is the activation energy in kJ mol~
Kelvin and Ris the Universal Gas constant, ie
constant A 15 known as the frequency factor of

are normally det ptibility of explosives to
ctermimed underisothermal condi
H e
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tions by measuring the rate of gas released from a sample of explosive at
a series of controlled temperatures.

Equation 6.14 shows the relationship between the rate of decomposi-
tion and temperature, where V is the volume of gas evolved, T is the
temperaturein °C, k is the reaction rate constant, and C is a constant for
the particular explosive.

V=k"+C (6.14)

For every 10°C increase in temperature, the rate of decomposition is
approximately doubled, but may increase as much as 50 times il the
explosive is in the molten state. The rates of decomposition depend on
the condition of storage and the presence of impurities which may act as
catalysts. For example, nitroglycerine and nitrocellulose decompose at
an accelerated rate due to autocatalysis, whereas the decomposition rate
of TNT, picric acid and tetryl can be i'éducegi by removing the impurities
which are usually less stable than the explosive itself. With many of the
explosives the presence of moisture increases the rate of decomposition.

MEASUREMENT OF KINETIC PARAMETERS

The common methods of investigating the kinefics of explosive reac-
tions are differential thermal analysis, thermogravimetric analysis and
differential scanning calorimetry.

Differential Thermal Analysis

Differential thermal analysis (DTA) involves heating (or cooling) a test
sample and an inert reference sample under identical conditions and
recording any temperature difference which develops between them.
Any physical or chemical change occurring to the test sample which
involves the evolution of heat will cause its temperature to rise tempor-
arily above that of the reference sample, thus giving rise to an exother-
mic peak on a DTA plot. Conversely, a process which is accompanied
by the absorption of heat will cause the temperature of the test sample to
lag behind that of the reference material, leading to an endothermic
peak.

The degree of purity of an explosive can be determined from DTA
plots. Contamination of the explosive will cause a reduction in the
melting point. Consequently, the magnitude of the depression will re-
flect the degree of contamination. A phase change or reaction will give
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AT

AT3
AT2
AT]

' E _: e
Tl T2 T3 Temperature T

Figure 6.5 DT A thermogram for the decomposition of an explosive meaterial

nse to an endothermic or exothermic peak, and the area under the peak
is related to the amount of heat evolved or taken in.

Figyre 6.5 shows the DTA plot for the decomposition of an explosive
.rna‘te.nal. Decomposition begins when the temperature 7" reaches the
1gnition temperature of the explosive material resulting in an exother-
mic peak. As the explosive material decomposes it releases heat which is
measured on the DTA plot as AT (y-axis). AT is proportional to the rate
at w}?ich the explosive material decomposes; as the rate increases more
heat is emitted and AT increases. Assuming that the decomposition of
an explosive is a first order process, then the rate of the reaction is
directly proportional to the increase in temperature AT, as shown in
Equation 6.15.

Rate of reaction or AT (6.15)

The acl‘ivation energy £ can be calculated from the DTA plot using the
Arrhenius equation as shown in Equation 6.16.

Rate of reaction = A7 — Ae FIRT
]n ATZ h‘l {A(‘, E"RT;I = I[] Jaf -+ In e -E/RT
InAT=1In A — E/RT (6.16)

AT is measured at several temperatures 7, and In A7 versus /T is
plotted. A straight line is obtained with a slope of — /R ‘

DTA will also provide information on the melting, bloiling. crystalline
tt{alns:tions, dehydration, decomposition, oxidation and reduction reac-
ions.
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AN Loss in Weight
~ Decomposition
Exothermic :
Endothermic
N
T T
150 200 250

Temperalture (°C)

Figure 6.6 Thermogram of HM X-f3 using differential thermal analysis and
thermogravimetric analysis

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a suitable technique for the study
of explosive reactions. In TGA the sample is placed on a balance inside
an oven and heated at a desired rate and the loss in the weight of the
sample is recorded. Such changes in weight can be due to evaporation of
moisture, evolution of gases, and chemical decomposition reactions, i.e.
oxidation. .

TGA is generally combined with DTA, and a plot of the loss in weight
together with the DTA thermogram is recorded. These plots give infor-
mation on the physical and chemical processes which are taking place. 3
In an explosive reaction there is a rapid weight loss after ignition due to .
the production of gaseous substances and at the same time heat is
generated. A typical DTA and TGA thermogram of HMX-f is shown in
Figure 6.6.

The endotherm at 192°C is due to the -6 crystalline phase change;
and the exotherm at 276 °C is due to the violent decomposition of HMX. >
Thermal pre-ignition and ignition temperatures of explosive substances, .
can be obtained from DTA and TGA thermograms. ;

Differential Scanning Calorimetry

The technique of differential scanning calorimetry (DSC) is very simila
to DTA. The peaks in a DTA thermogram represent a difference it
temperature between the sample and reference, whereas the peaks in 4
DSC thermogram represent the amount of electrical energy supplied to
the system to keep the sample and reference at the same temperature’

Equilibria and Kinetics of I vplosive Reactions
; 11
The areas under the DSC peaks will be

change of the reaction.

DSC is often used f.
‘ : or the study of equilibri
‘ ‘ ' ' ibria, heat capaciti
kinetics of explosive reactions in the abse ] s Wi
DTA combined with TGA is m

proporfional to the enthalpy

: nce of phase changes, whereas
ainly used for thermal analysis.
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NITRATION

Nitration plays an important role i
example, the most commonly used
compounds sucl T, RDX, ;
produced by nitration. Nitration is a che.mlca
(NO,) groups are introduced into organic com

substitution or double exchange reaction in W
ent replace one or more

itrating ag

groups of the nitra : :
hydrogen atoms) of the compound bcnflg nit
tion can be classified into three categories as s
A summary of the nitration |
mercial explosives is presented in Table 7.1.

C-nitration H
nitro compound nitrate ester
1 1
—(J'—No1 ——%~0N01
1 {
i nitro group
nitro group
attached 10 atiached lo
carbon atom OXYE el; alom
I
TNT Nitrocellulose
Picric acid Nitroglycerine
Tetryl PETN
TATB

HNS -
Figure 7.1 Classification of explosive composition

112

techniques for some militar

n the preparation of explosives. F_or .
military and commelr\rlcial explosu:lt’i

i iné TN, etc., are all |
I b o ““mgl)’cefl“::'acl:i%“ by which nitro
pounds. It is basically a
hich one or more NO; 2
groups (usuall
rated. The nitration reac

hown in Figure 7.1. ;
y and com;

N-nitration

nitramine

nitro group
attached 1o
nitrogen atom

RDX

HMX
Nitroguanidine

y nitration reaction
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Table 7.1 Examples of nitrating agents for the manufacture of explosives

Compound Usual nitrating ageni

C-Nitration

%ﬁric acid J\-‘l_ixturc ol nitric and sulluric acids
”N"g Mixture of nitric and sulfuric acids

Mixture ol nitric and sulluric acids

O-Nitration
Nitroglycerine
Nitrocellulose
PETN

ijlurc ol nitric and sulfuric acids
M!xlure ol nitric and sulfuric acids
Mixture of nitric and sulfuric acids

N-Nitration
Tetryl
RDX

- HMX

l\-I_lxlure ofl nitric and sulfuric acids
Nitric acid and ammonium nitrate
Nitric acid and ammonium nitrate

C-NITRATION
Picric Acid
orn

O,N_ A _NO,

O
NO,
(7.1)

cacid (7.1) can be prepared by dissolving phenol in sulfuric acid

hen nitrating the product with nitric acid asshown in Reaction 7.1

oH
ij”‘%
v 1 \
i % on
0N NO,

H
—— @/NOI
—_—
o.on < o,m;\« ra Yo,
on

0;N NO,

S0,01
(7.
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. f the nitration. The groups. A summary for the preparation of trinitrotoluenes from toluene
T inhibitor or moderator of the nitr ! is presented in Reaction 7.3 (ov >rleaf).
udusse acm ?S taln :::lnd high temperatures produces the ortho- p (ove )
ionit pleuglatio i icric
meiogzrt;:osulfo?lic acids, respectively. All these substances yield p
" :

acid as the final product of the nitration.

|
Tetryl NO,
(7.3)
H,C\ /NC);
N Nowadays, nitration of toluene is a continuous process. where (ol-
0,N NO, uene enters the reactor at one end and trinitrotoluene is produced at the
other end. The nitrating acid flows in the opposite direction to the
toluene and is topped up as required at various points. Stirring of the
NO, reactants plays an important partin the reaction since it speeds up the
(7.2) nitration process and helps to increase the yield.

Crude TNT contains isomers and nitrated phenolic compounds re-
sulting from side reactions. The usual method of purification is to treat
crude TNT with 4% sodium sulfite solution at pH 89, which converts
the unsymmetrical trinitro compounds to sulfonic acid derivatives.
These by-products are then removed by washing with an alkaline sol-
ution. Pure TNT is then washed with hot water, flaked and packed. It is
important to remove the waste acid and unsymmetrical trinitrotoluenes
together with any by-products of nitration as they will degrade the
TNT, reduce its shelf life, increase its sensitivity and reduce jts compati-
bility with metals and other materials. Trace amounts of unsymmetrical
- trinitrotoluenes and by-products will also lower the melting point of
. TNT. TNT can be further recrystallized lrom organic solvents or 62%
nitric acid.

Tetryl (7.2) can be prepared by dissolving dimethy]aniling inthz:lcflt;Sr::
a:idr)'{md 'adding nitric and sulfuric acids at 70 °C as shown in

7.2.

H;C 0,
cH 3
IIJC\ / 3 \ }q

N .
N
OIN NOZ
4 HO-NOQ, ——> + CH3;0H + 3H,0
+ —NO,
NO, ¢

i i benzene
i idized and at the same time the
e methyl group is oxidize: t : .
nut:::les, (i}shnitrated in the 2-, 4- and 6-positions. ]Tece’nt]{v?:hvglzf;f": .
techniques for the manufacture of tetryl tre:;t melthyl::;::ﬁine Tk‘lis v
ini i initrophenylme ,
-dinitrochlorobenzene to give Idml ' tethy ‘ e
fﬁﬁfﬁltrated to tetryl. In both processes purlﬁcat:on_ is cia;rr;eiir:-l:lmi_,
w;shing in cold and boiling water, the 1§§}er hdy‘]::l’ro(lj_\:rmnlg tinz it; oy
i i allized by dissolv )
ounds. Finally, the tetryl is recrys 4
;?lr:f)recipitaled with water, or recrystallized from benzene.

G

TATB (l.3.5-Triaminu-Z,d.ﬁ-trinilrohenzene)

TATB (74) is produced from the nitration of [,3,5-trichloro-2.4.6-tri-
itrobenzene.

NI,

,jj\,NU 2

0;N

TNT (2,4,6-Trinitrotoluene)

(

. 7 itric and Sl =2
TNT (7.3) is produced by the nitration of toluene_wﬂh énge?ngl;:oni(ro" _ 1I,N \T NH,
2 ] ate ; :
sullufic acids iievcral sicps: Tollisie isl!ﬁl-Stl.::;t;rtrinilrotolue:ne. The NO,
toluene and then dinitrotoluene and finally cr % 7.4

: i i ith free SO 4258
trinitration step needs a high concentration of mixed acids wi s
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1,3,5-Trichloro-2.4.6-trinitrobenzene

trichlorobenzene with a mixture of nitric acid and sulfuric acid. I, 3.5=

Trichloro-2,4,6-trinitrobenzene is then converted to 1,3,5-trinitro-2.4.6-

triaminobenzene (TATB) by nitrating with

tion 7.4. The yellow-brown crystals of TA
with water,

is prepared by the nitration of

ammonia as shown in Reae-
TB are filtered and washed

NO,
3
3
NO;
NO,
H
NO,

Nitric acid and
conc. sulluric acid
—

135 °C for 18 hours

2
0;N

Ammonia and
ethanol

—_—

(7.4)

HJT
Reaction (7.3)

TATB is an explosive which is resist
therefore used in high-temper
accidental fires is important.

ant to high temperatures, and
ature environments or where salety Irom
TATB is extremely insensitive to initiation
by shock and requires a large amount of booster to mitiate it. TATB is
therefore regarded as an insensitive explosive and will most likely re-
: lgce HMX and RDX in future explosive compositions. However, the
1€0st of TATB is five to ten times greater than the cost of IMX.

0,N

Hj

HNS (Hexanitrostilbene)

NS (7.5) can be prepared by many methods: these include the reaction
'j Ritro derivatives of toluene with benzaldehyde, the reaction of nitro
erivatives of benzyl halogenides with alkaline

agents by removing
rogen halogenide, and the oxid

ation of nitro derivatives of toluene.

NO;  O,N

= 1 =
- il
) —C=C—(( ) )—No,
M ! S =
ez I '
|\(J2 (}!N

0,N-

(1.5)
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The first reaction involves heating together a mixture of trinitrotoluene .
and trinitrobenzaldehyde at temperatures of 160-170°C, and then 03 NO,
allowing the mixture to cool for two hours. The resultant product is a O,N _cH, on_ ] . NO,
low yield of hexanitrostilbene (HNS). An increase in the yield of HNS 2N <O CHy” WCLIT_- U,N_<_) —CILCl
can be achieved by reacting 2.4,6-trinitrobenzyl halogenide with potass- N0, ) G ) : E
ium hydroxide in methanol as shown in Reaction 7.5. ! 10,
DH‘I
]
NO; NO,
. NO,
2 |ON CILBr J gt (_>> “ON -+ 0N {_) —CHC
NO e
_ NO; ! 0,
Potassium hydroxide NOE'I NO,
in methanol & 0N & s
A -CH-1L,C—{(" YN
(steam bath) (_))—NO,
i 0, NO{
NO; DlN ”CiIO"'
11
OzN éﬂ(l: NO;
H 0, NO,
0, OaN CH=CH O NO,
0, NO
(7.6)

HINS can also be prepared by the oxidation of TNT with sod
hypochlorite. Ten parts of 5% sodium hypochlorite solution are m
with a chilled solution of one part TNT in ten parts methanol.,
solution is allowed to stand at ambient temperature until HNS preci
tates as a fine crystalline product. HNS is then recrystallized fron
nitrobenzene to give pale yellow-coloured needles. The mechanism of
the reaction is presented in Reaction 7.6. ..

HNS is often used in military explosive compositions as a crys

O-NITRATION
Nitroglycerine

troglyceri e .

intgoya ;:;‘ifmﬁi ]; Ip'l elhl;lrcd by injecting highly-concentr
of highly-concentr: RN

ntrolled temperature. tated nitriy

ated glycer-
and sulfuric acids at o

modifier for TNT. Around $-1% of HNS is added to molten TN

that on cooling, small, randomly-orientated crystals are formed. 'ﬂ

small crystals have a high tensile strength and prevent the TNT com :: “(-0-NO;,
5 ~('-0-NO,

|
H -(-0-NO,

I
(7.6)

sition from cracking.

i p ~
mixtures are constantly stirred and cooled

1 : . witl ine. /
reaction the nitroglycerine and acids are 1 brine. At the end of

poured into a separator
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. A% ity. Nitroglycerine is then 3 cellulose some of the O groups in the molecules are replaced by the
ine ravity. ; ; ¥ i —ONO, as shown in Reaction 7.8
e -erine is separated by g - recidual acid. ¥ nitrate groups —ONO, as shown in eaction 7.8,
whete thewmifroglyose bonate to remove any re i
um carbona

oty i o i id bulk storage of
¥f51521\1‘;2§ product is immediately processed to avoi
}B e u

g terial. The manufacturing process of nsftr{zi%gc?rr;;?
i continuous process by contmuously. ce :}g e
o “df‘Pl‘?d . i;c areaction chamber as the nitr.oglycen'ne ar; e
e ares lm,odl ]Tchis method produces a high yield 0_]' nmogﬂ.\l: -
ac'il?s1§li?er?<l}¥:ﬁ1\:flic-n1 of by-product. The chemical reaction for the p
with 1 H

ine i i tion 7.7.
duction of nitroglycerine is shown in Reac

"H,0N1 I{I ?)ll
—0 —C
jy.. \(F.o a_/f_s., l'f\:[;
-0 \E“ Vn ”\E /-n—

g ——0
H on (J‘nznu

11,011 CH,0NO, o "
1 + 3H,C

11011 + 3I1ONO, » CHONO, 2 o J 610-NO,,

Lion H,0NO,

)

imi itri i ars is very
i r nitric acid este _
i itroglycerine and simila ’
Skl he form of solutions in n()n-explgs.wc
d inert materials containing

Transport : ‘
hazardous and only permlltlcd.m t s
solvents or as mixtures with !"me-po ..

e that 5% nitroglycerine. - ———
& moi((:lzlh*: nil:ogiycerine is not used for rmhlaiy gtE;oBeing i

T:]J”i:d ro}r;é”imls and comrnerc‘ial Plast.lng exp:a(;:er f{oweve;, i
i omplempcrature it pours east!y into ltsbctilr! 2 e.rrormances’ .
at r:; as a propellant it suffers from irregular |£'l 1s;ta5ng. et
}153 e t(: the liquid being displaceq as lhl? s.ht:ai 1sdr Lo
1: all]so very sensitive and can easily be llmu;:et{; Ses i o
: ion i Kieselgu

iti & stion into : . : .
sensitized by absory il
Cglzlling with nitrocellulose to produce commercia

CILONO, H ONO, [
—0 (

#‘I_ - ﬁr"
y/n \‘IJ‘-—()—(].I/(_)NUZ ”\:L'
-0 NO, 1L/ I\t Lo _
\;g # \¢____n/

- 6“!10]"

H ONO, CH,0NO, ) a8
he reaction is able (o lake place
Cture of the cellulose. The extent of nitration of the —OH groups is
ndent on the reaction conditions, particularly the composition of
Acid, the time and temperature of nitration.
: ton, cotton linters (short fibres) or wood cellulose
: chanical combing, and then bleached to give a more open structure
Nitrocellulose ; tration. The fibres are mixed with the nitrating acid in a pre-
and passed into a second stage of nitration where very close
s obtained between the fibres and the nitrating acid. The
d fibres then pass into a third stage where nitration is completed.
i ating acid is removed from nitrocellulose by centrifugation. For
Fated products the nitrocellulose is washed with dilute acid and
vhereas high-nitrated products continue on (o the next stage
being washed. Nitrocellulose is then mixed witl water and
lider high pressures and turned into a pulp by Squeezing the wet
lli_ose fibres between rollers which contain knife blades. The
Bllitrocellulose is then boiled, washed, cleaned to remove foreign
nd packed. A flow diagram for the manufacturing process of
Hlulose is presented in Figure 7.2,

without destroying the fibrous

are cleaned by

e nitration ol%
The manufacturing method used today for th :

X ‘]I 1 i T i i il‘lg I‘liil’ﬂli ::
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Nitrocellulose can be quite hazardous if left to dry out completely:
therefore, it is usually stored and transported in 30% water or ethanol.
Nitrocellulose is often dissolved in solvents to form a gel. For example,
commercial explosives used [or blasting purposes contain nitrocellulose
dissolved in nitroglycerine, and some gun propellant compositions con-
tain nitrocellulose dissolved in a mixture of acetone and water.

The degree of nitration plays a very important role in the application
of nitrocellulose. Guncotton contains 13.45% nitrogen and is used in
the manufacture of double-base and high energy propellants. whereas

nitrocellulose used in commercial gelatine and semi-gelatine dynamite
contains 12.2% nitrogen.

: PETN (Pentaerythritol tetranitrate)
ETN (7.8) is prepared by nitrating pentaerythritol.

O;N-0-1LC_ Cl~0-NO;
C

O.N- 0 HC" CH— 0 -NOy
(7.8)

qnlaerylllrilol is made by mixing formaldehyde with calcium hydrox-
in an aqueous solution held at 65 70 °C. Nitration of pentaerythritol
be achieved by adding it lo concentrated nitric acid at 25-30°C to
m PETN. The crude PETN is removed by filtration, washed with
bater, neutralized with sodium carbonate solution and recrystallized
fom acetone. This manulacturing process [or PETN results in 95%
d with negligible by-products. The process is summarized in Reac-
g0n1 7.9 (overleaf).
TN is used in detonating cords and demolition detonators. In
onating cords PETN is loaded into plastic tubes. PETN is also
d with TNT and a small amount of wax to form ‘Pentolite’ mix-
. Pentolite mixtures are used as booster charges [or commercial
ting operations.
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Is then botled (o remove

: o on E carried out by recrystalli
ny soluble impurities. Purification of RDX i IS c? t? =
ation [rom acetone. il
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_ e = = _ The chemistry of the pro
: . ) hexamethylenetetiamine
paration of RDX is highly complex. When L;’ ramine dinitrate is formec
s reacted with nitric acid, hexamethylenetet- ] 2 ate ‘Compound I as show
which is then nitrated to form an intermedi- § I
1in Reaction 7.10). e g

I,

e H2C=0 =

=
=l
‘=
£
Z
z \
\ % :f; é‘ N\ N
¢ (]) e cH c/ +
N NH'NO, L = s 5 1
' o = ©. R
NOy ——» i, c:{ &) c[; O Q i,
\N/ + :E g ::I= =i Hy
¢ CH, o O o QO
\Wlly . o i
NH‘NO, C'r? % E" Hexamethylenetetramine
= Q
=) | I
Hexamethylenetetramine dinitrate 5 g g : /Cl'lz
Toz TI!;ONU, \ \/NII'N(]J
CH, CH
N\\ | \IN/ '
1INO, cH, o, i,
= \N/ ‘]V
I I,
\TV NH'NO,
NH'NO,

examethylenetetramine dinit
Compound [ (7.1
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Further nitrolysis of Compound I results in Fhe formg:io? ;J}f RDX via
two other intermediate compounds as i:how111 msi:]eac{lzgss ,im:emed N
i i include the SH-pro
Other manufacturing techniques ¢ : el
Schnurr, the K-process patented by Knoffler, the W—plhocizi\[-)[z:ledmd
by Wolfram, the E-process patented by Erbele, and the
invented by Knofller and Apel and also Brc\chqtann. el G
The SH-process involves continuous nttr.?‘tu:n:1 of ; emnrl e "
i concentr: itric acid, with the production of n s gas.
ramine by concentrated nitric aq 4y ‘ - ; ”
The RDX is filtered [rom the residual acid anl(I:l_ S[?'blh?:;]n?jéctgél::;g
i stallization ;
sater under pressure and purified by recry . _ ( .
’ '][l:llhe K-prr)occss RDX is formed by reacting {mun‘on:un:j mlrau:e\dm;};
a mixture of hexamethylenetetramine and nitric acid, and warn

,// OANINO, 4 gnNo,

shown in Reaction 7.12. ] o "o

2 .[ || [+
ON-N_

Cl;

611,0

o
NO, TIIIONOI NO; 1HONG:
N

’ L [ N——CIH,0NO;,
g = L

&
CH;

(7.12)

CQ’ /(_‘Il; S Cl\'\l P The W-process is based on the condensation of potassium amido-
N cH Nitrolysis N Sulfonate with formaldehyde. and (he nitration of the condensation
th 1, o Hy Product as shown in Reaction 7.13 (overleal). Potassium amidosulfon-
\m{()' “NO; ate and formaldehyde are reacted together (o
3

methyleneamidosulfonate. This product is nitrated 1o R1X

Compound II ture of nitric and sulluric acids.

(Hypothetical)

|

NOs CIL,0N0;
N-CH;—N-CH,0NO, N-NO;
*+ (‘:H;ON(’:

Compound 1

RDX as shown in Reaction 7.14.
: The by-product formaldehyde can he transformed
emethylenetetramine by reacting it w
creasing the yield.

: Lastly, the KA-process (Bachmann process)is b
tween hexamclh_\;lenelcll'amine(Iinilr;lte:uul

milo

CI'J—‘TF- Hy
NO,
Compound 11T

(Hypothetical) mical reaction is presented in Reaction 7.15.

produce potassinm
by o mix-

In the E-process paralormaldehyde and dammonium nitrate undergo
dehydration by acetic anhydride solution resulting in the formation of

hexa-
ith ammonium nitrate and thus

ased on the reaction
ammonium nitrate with
mall amount of nitric acid in an acetic anhydride solution. The

DX has a melting point close to its ignition temperature and there-
cannot be safely melted. However. if s often used in conjunction
TNT for casting techniques. RDX is very sensitive and cannot be
Cessed by pressing. In order to reduce its sensitivity a binder such as
or polymer is used, these binders are known as phlegmatizing

iders. RDX is the main explosive component of British explosive
Bihpositions. It is used in shells, bombs. shaped charges, exploders,
fiators and polymer bonded explosives



0K
N

CH,0

+

1
H,

Potassium

Formaldehyde

*

Ssium

Pota

amidosuifonate

methyleneamidosulfonate

——

JHNO;

+

OK
2
=CH3

350
N

wAadplier / Manufactyye of Explosives 129
6CH,0 + 4NH,NO, HCHcop0 N, + 4atiNo, 4 6CH,CO0N + 31,0

NO,

N
Hie” =% I,
CeHuN, +4uNg, — " NINO, + 30,0
O3N-N _N-NO,

E “on; (7.14)

CelliNy.21IND,  + 2NILNOSHING,) H(CIC0),0

E e
-4 J'r\'(L
N
lhf'/ \(_'Hs
EL 2 [ ' cmcoon)
o ON-N. N NO,
T Cri, )
= — =
g (7.15)
g
i -4
E o P . .
Z8 HM X ((.".'clurelrameih_\'lenerclr:unlranum-}
i tHM X (7.10) is formed as 4 by-produc during (he Manufacture of R DX
p 0y the Bachmay, process.
E ' |
2 r;ilt}‘,
E _N_
- LC™ e,
E
E S NO,—N N-NO,
28
gg\ H,C. _cm,
° 0
& NO,
(7.10)

e[hylene[etramine, acetic acid, acefjc
;id nitric acid are mixed together and held at 45 Clor 15 min
j10nium Nitrate, nitrjc acid and are then slowly
gd.and left o) 4 Steam bath for |2 h.Ap

- A\ precipitate forms containing
DX and 73% HMX. This process iIs shown in Reaction 7,16

anhydride. ammonium pj-

is destroyed by placing (he precipitate inqe a hot,

dqueons
0N of sodium letrabory(e decahydrae wWith a smal

dAMount of
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sodium hydroxide. The RDX is completely dest royed when the value of
the pH increases {o greater than 9.7. HMX is liltered
from nitromethane to give the fi-form of HMX.
HMX is similar to RDX in that its melting point is ve
ignition temperature and therefore cannot be safely mel
used with TNT for casting techniques. HM X is
used with phlegmati

and recrystallized

ry close to its
ted. It can be
also very sensitive and is

zing binders. HMX has aslightly highcrdur:sily and
Q, melting temperature than RDX and is overall 4 better explosive with
f fespect to its performance. However its cost IS approximaltely three
o, times greater than RDX.
ot
1®]
Q, +
= o]
3 =) . .
z Nitroguanidine
O "~ £ " I3 3 . . -
) E/Zma i N]tmguamdmef?.I I) exists in at least two crystalline forms, the &- and
. :‘: 3 S / \ © E  f-forms.
o = o] Z—Z\ /
z—Z\ © ty 9, NI,
o R, — T NH=(
G\ f\ = T NI-NO),
— Lig =
-_-E/Z__U =) f; (7.11)
o e
i / = =
=) S - iy v : -5 1 - ; T " .
Z—z = = g he a-form may be prepared by dissolving guanidine nitrate m concen-
~ ps b birated sulfuric acid ang pouring into excess waler before crystallizing
iy . . . o
g : irom hot water. Long, thin, flexible, lustrous needles, which gre very
“ g fOugh, are formed. T is the most common form and is used in (he
% i losive ind ustry. The fi-form may be prepared by nitrating a mixture
2 + Buanidine sulfate and ammonium sulfate and crystallizing from hot
~ =) - ter to form fern-like clusters of small, thin,
+ i o' zi

elongated plates, The
olving in concentrated
In order to reduce the

m may be converieg
ric acid and immer
tal size so that it ¢

l'into the a-form by diss
Sing in excess waler.
an be incorporated into

1
4
Hexamethylenetetramine
]
TH; N
NJ

colloidal propellants. »
_E N T ‘ solution of nitroguanidine is sprayed on to a cooled metallic surfyce
6 E/Z © l I allowed to cool in » stream of cold air, The resultant nitroguanidine
\ o 23 z——E’ ne powder. The reaction scheme for (he preparation of nitro-
z/—/——‘-’. U__é trfine is presented in Reaction 7.17.
& s “

5 HN,
B C=NH + HO-NO —— C=N-NO LI )
2 2
v o .
;N

(comne, 1,50,)



(3
binr iirsite Lead azide crystals should be spherical in shape, opaque in appear-

ium — o
Ammon ance and less than 0.07 mm in diameter Dextrin is added
agent, which prevents the form
azide and regul

i i itrate is by
The most common method of manufacturing ammoquS[g ::t cq thWI}, |
injecting gaseous ammonia into 40-60% nitric acid at a :
in Reaction 7.18:

as a colloiding
ation of large, sensitive crystals of fead
ates, to some extent, the shape of the crystals.

NH, + HNO, —» NH,NO, (7.18) Mercury Fulintiate
ayi of
Dense ammonium nitrate crystals are formed by spraying droplets

i i g short tower. The
molten ammonium nitrate solution (>99.6 /13)‘ dol\;fn z_ir;csc bt
spray produces spherical particles known_ ?5 .F:“ sl}ceri“e 4 et
non- : i junction with nitrogly 3 SC
non-absorbent and used in conjur | o

i i be obtained by spraying ¢ ;
ent form of ammonium nitrate can _ i
i 4 i itrate down a high tower. The res : sphe
solution of ammonium nitra S
are carefully dried and cooled to prevent breakage during handling
These absorbent spheres are us;d wnl': fuelll (;li‘ I———.
i i i est sour

Ammonium nitrate is the cheap ‘ : j 2 _

mmercial explosives. It is used by itsell, in conjunction with fuels, or
co v il 3 5. : s ) -
with other explosives such as nitroglycerine and TNT,

Mercury fulminate is prep
then pouring into ethano
accompanied by the evolution of white fumes.
fumes and finally again by white fumes. A{ the
mercury fulminate are formed.
with water until all of the

ared by dissolving mercury in nitric acid and

akes pace which is
then by brownish-red
same time crystals of
The crystals are recovered
acid is removed.

I A vigorous reaction t

and washed

(C=NO),Ig

(7.13)
The crystals are
mechanism for (hi
- Reaction 7.20.

a greyish colour and are

stored under waler. The
sreaction and the interme

diate steps are presented in
PRIMARY EXPLOSIVES

i i ] acci 1s

Manufacture of primary explosives is very hazardous and accidents

i i “herefore stri
such as explosions can occur during the preparation. Therefo
safety procedures are always adhered to.

. Oxidation of cthanol to ethana)

CH\CH,0H + HNO, -5 CH,CHO + HNO, + H,0
2. Formation ol nitrosoethanal (nitrosation)

Lead Azide . CH,CHO + HNO, - NOCH,CHO + 11,0

e _ ;

Lead azide (7.12) is prepared by dissolving lead nitral_e in a 50]:1'?9

containing dextrin, with the pH adjusted to 5 by adding one or tw

drops of sodium hydroxide.

3. Isomerization of nitrosoethanal (o

NOCH,CHO - | ION=CH-CHO

ist:nilmsncil];m;ll

. 4. Oxidation of isonitrosoethanal to Isonitrosoethanoic acid
)w=N =N HON=CH-CHO — HON=CH-CcoOnl
P S o Sy
N=N*=N 5. Decomposition of 1sonitrosoethanoic acid (o fulminic acid and
(1.12) .

; methanoic acid
i ide diss HON=CH-COOH - ¢

This solution is heated to 6065 °C and stirred. Sodium gmde d:;sé

in a solution of sodium hydroxide is then added dropwmetel;pe

nitrate solution. The mixture is tl?en left to cool tol roo(;n b

with continuous stirring. Lead azide crystals are filtered,

water and dried. This process is presented in Reaction 7.19.

=NOH + HCOoOH

. Formation of mercury [ulminate
=NOH + Hg(NO,), — (C=NO),Hg + 2HNO,

(7.20)
2Na(N,)y,, + Pb(NOY), ) — Pb(Ny),,, + 2NaNO,,,
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Tetrazene

i itrite in distilled
i i dium nitrite in disti
is prepared by dlssclw.ng sodi _ e
Te”ﬂzcni (TAIrgi:fg rt}o gU—SS °C. An acidic solution of a;:uncéﬁiuz:i::ie "
£ “rl’. ; :
wal;e:eait(th\en added and the mixture stirred for 30 mma.nd[:l)}rlen [':llcohol'
f:trizet{e forms, which is decanted, washed with water

and dried at 45-50°C.

\\c—N:N—N}I—Nn—ﬁ—mh-l-xlo
1

N—NH
and/or
NFN\
\C—NH—NH—N=N —¢-NH;-H,0
H
N—NH
(7.14)

i ion i ed in Reaction 7.21.
The mechanism for this reaction is presented

HN L NH

\

/
H,0
C-NII—NH—N=N"‘C/ no 3

. l NH-NH
2
HN /‘I—
\C—NII—NH—N=N_(’< L0
1 N -
1

ulfate is addeg to the solil

T S D i 1I H
couer Ol Tand’ Il;?f \bl : i Hji
‘hen they are
substance. i
Mum nitrate HN NH

nitrale with

- ples, Ammoni
4 i ne s o
The rate at which the aminogyaniding su sy iy [B/ \

= | ;
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COMMERCIAL EXPLOSIV ECOMPOSITIONS

Ammonium Nitrate

Ammonium nitrate based explosives are generally used for quarrying,
tunnelling and mining. They are mixtures ofammonium nitrate, ca rbon
carriers such as wood meal. oils or coal, and sensitizers such as nitro-
glycol, TNT and dinitrotoluene. These compositions may also contain
aluminium powder to improve their performance.

Ammonium nitrate prills are often mixed with luel oil (liquid hydro-

- carbons) to produce » commercial explosive mixture known as "'ANFO’
= which is used in quarrying. ANFO can be prepared in a factory hy
mixing both ingredients in a rotating container and dispensing the

product into polyethylene or cardboard tubes. The tubes are then sealed
“and transported to the place of use. ANFO can also be prepared at (he
site where the explosive composition is (o he used. Fuel oil is poured into
4 polyethylene bag containimg ammonium nitrate and lelt for some time
o allow the oil to soak into the ammonium nitrate. The ANFO mixture

then poured from the polyethylene bag into the hole (r.e. shot-hole)

here the explosive mixture js detonated.
= ANFO can be mixed directly in the shot-hole by first pouring the

monium nitrate into the shot-hole followed by the fuel oil. The main

fadvantage ol mixing on site is that no salety procedures are required for

€ transportation of fuel oil and ammonium nitrate, since fuel oil and
monium nitrate are not classed as explosives. Itis only when they are

ixed together that the composition becomes an explosive substance.

Higher density and improved water-resistant ammonium nitrate
mpositions can be obtained by mixing ammonium nitrate with
0% gelatinized nitroglycol or gelatinized nitroglycerine and nitro-
col mixtures, Ammonium nitrate and TNT/dinitrotoluene mixtures

have good water-resistant properties since the ' NT/dinitrotoluene
ms a coating around the ammonium nitrate crystals.

Ammonium Nigrate Shurries

onium nitrate slurries can be either prepared i the factory and
ed into cartridges or mixed on site and pumped down (he shot-

........... EEEEL, LI

HHonium nitrate are not classed as explosives. It is only
ixed together that the composition becomes an explosiv
Higher density and improved water-resistant ammo
mpositions can be obtained by
0 1111 1 M
atimzed
0% gel jnizeg

mixing ammonium
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o o
Table 7.2 Swnmary of dynamite compositio

idizer
N Fuel Oxidiz
ame

Gelatine dynamite

ine dynamite 25-55% Nitroglycerine, Inorganic nitrates
Gelatine dyn:

1-5% nitrocellulose,

eal e
‘ivf?—l;[[])r‘?’o Nitroglycerine, Inorganic nitrates

1-5% nitrocellulose,

;;(;%T’e?\llilruglvcerine, Sodium or polassium
e £0 J

itrate
1-5% nitrocellulose, nitra

meal . ‘ s
;50—05[]5% Nitroglycerine, Ammonium nitrate

1-5% nitrocellulose,
woodmeal

Semi-gelatine dynamite

Gelignile

Ammonia gelignite

Non-gelatine dynamite .
Non-gelatine dynamite

itrate
w([J)—Odmmr‘ i An mmonium nitrate ¢
ia dynamite 10-50% Nitroglycerine,
H 1
Ammonia dyn S

i i " potassium
10-50% Nitroglycerine,» Sodium or | ;

elc., or b mir lh;('”] - ed al b[[ e l Ior]n 0’ ai
1 ]

filled microballoons.

Ammonium Nitrate Emulsion Slurries

i nitrate emulsion slurries cont.au? two 121m{:ic1§;(; ;;0
i hase which supplies the majority of t ei : ys[urri
“k a_qUCOU(F]' lI;n: oil phase which supplies th_e fuel. Emu smna b
i 5 ater-in-oil emulsion, which is _formedlfrot:n g
e E: ?’21} of ammonium nitrate inamme‘ral oil p a'sr.oball
S lllal made more sensitive by adding alf—filled }rlmc e
STllu::;eszi?tl; oef the emulsion slurries is slightllay ill:lgsil;; ;hiirr:ies o

: ing i rmance. Em ies ca
;herﬂo]:r::f:ls?r]lut?ii I;;E:;ﬁiﬁfji;z;fgw into cartridges or mixed o
e pre

and pumped down the shot-holes.

¥

Dynamite

D& h”“ue Is a gCHCl IC name 10or a var lety of CXplOS! VE Comp

TI I t‘ .1 l‘ I I..
I ) 5 . .0 'I‘ i 7 2 |
: i 5 . . - :

IHIlC (”"I IlOll—gChlltllC (J\'I}amlie. as Shown mn ab {+] .

- granular compounds are they, mixed w
- additives to give explosive

truded into their final form.
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Gelatine dynamite is Prepared by dissolyiy
glycerine at 45-50°C to form a gel. The mjxt
by large, vertica] mixer blades simijar to a bre
the gel is formed the other ingredients are
is then extruded or pressed into long ro¢
pieces and packaged into Paper cartridges coated will paralflin. The
manufacture of non-gelatine dynamite s similar 1o gelatine dynamite
except that nitrocellulose js not used in the lormulations.

g nitrocellulose iy nitro-
ure is continuously stirred
;id-m:fking machine, Opee
added. The ex plosive mixture
Is which are cut into smaller

MILITARY Exp LOSIVE co MPOSITIONS

Most military explosives are solid compounds which are manufliaclured

in granular form, with bulk densities of Jess than | g ¢y These

ith other explosive or inert
compositions with densities between | 5

and
7 gem™3 The explosive compositions

are then cast. pressed or ex-

i (_.'a.-uing

he technique of casting is used for loading explosive compositions ing,
ntainers, Casting essentially involyes heating (he explosive com-

1tion until it mejys. pouring it inty 4 container and leaving it 10
Dlidify by cooling. Although the process sounds simple i has taken
rs of development to optimize the processing conditions. The disad-
Blages of casting are that (he density of the cast compositions js not as
1 as pressed or extruded compositions, that cracks can somelimes

r when the composition shripks on solidification

‘omogeneity. Explosive
gnition temperatures near to their me
eratures cannot be cast. The advantages of casting are thay the
£sS is simple, cheap, flexible and produces high production volymes.
plosive Compositions which are processed by casting Benerally
fitdin TNT, which has a relatively Jow melting temperature (80 Q)
gipared with jts ignition lemperature (240°C). Large quantities of
eére used for casting in the Second World War. Molten TNT was
with ammonium nitrate (o give ‘amatol’, or ammonium nitryqe
limim'um to give ‘minol’. Today, TNT i used as ap energetic

Or cast compositions. It is used o bind together RDX, HMX.
Binium and aAmmonium perchlorafe.
- *anufacturing process for the casling of explosive ¢
S uses carefully controlled cooling. ¢ ihratio

Iting

OMpositions
nand s aAcmm leicly
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niques to produce a homogenous, solid composition. The purity and
size of the explosive crystals are carefully monitored and the complete
product is subjected to X-ray analysis for the detection of cracks.

Pressing

The technique of pressing is often used for loading powdered explosive
compositions into small containers. Pressing does not require very high
temperatures and can be carried out under vacuum. The whole process
can be automated resulting in high volume productions. However, the
machinery is expensive and the process is more hazardous than casting,
The explosive compositions can be pressed directly into a containe, :
or mould, and ejected as pellets as shown in Figure 7.3.
Variations in the density of the pressed compositions do occur, pary
ticularly near to the surface resulting in an anisotropic product. Pressin
in incremental stages or using two pistons can reduce these variations as
shown in Figures 7.4 and 7.5, respectively.
When dimensional stability, uniformity and high density are essentia
to the performance of the fabricated explosive composition, hydrosta
and isostatic pressing can be employed. In both cases the cxplos;,
composition is compressed by the action of a fluid instead of a pisto ’
hydrostatic pressing the explosive composition is placed on a.
surface and covered with a rubber diaphragm as shown in Figure ?.
isostatic pressing the composition is placed in a rubber bag which is:
immersed into a pressurizable fluid as shown in Figure 7.7.

composition

Figure 7.3 Schematic diagram of pressing using a single piston

ure :. e ¢ T [f
4 th{.’”?d”{ ihri_(ﬂ"IHH of i {'?'('HJ('}H’H[’ Pressm
! NS
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Incremental pressin

by piston

Piston

Piston

! .S_Scheman'r' diagram of

ostanc and isostatjc pre
Ompositions whic), .

a

arevery sensitjve

SSINg are also yse

— Explosive
Composition

— Explosive
Composition

eSS 5,
CNSHG using two pistons

I to consolidate ex.
n:hn{mn
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154 Ram and Screw Extrusion

Explosive composition

Manufacture of propellant Compositions by ram extrusion has been in
Operation for (he last two decades. Tpe Propellant composition js
loaded into 4 barrel ang extruded through small hole under high
Pressures as shown in Figure 7.8,

The disadvan[;ige of ram EXtrusion is that jy js a batch process and

Oil at high ; iy
pressure requires mixing of (he Components beforehang. On the other hand,
Screw extrusion js g continuous process.
Rubber Screw extruders have been ygeq for many yeqrs in the plastics indus-
diaphragm try and haye recently beep developed (o mix and extrude explosiye
p : I

E COmponents which contain g polymeric binder, j.o. polymer bonded
i Explosives (PBXs). A scr. W extruder js very similar (o g meat-mincing
Mmachine where the powdered Or granulated Components go in 4 one
: are pushed along the barre by a rotating screw, Fop explosive
Ompositions the extruder generally has fwe rotating screws which are
able of mixing and Compacting the explosive Components »g they
avel along the barre]. A schematijc diagram of y (wip, serew extrider js
esented in Figure 7.9

Xtruded explosive compositions contaip a polymer which binds the
losive crystals toge ey The polymer acts as an adhesjye and helps
explosive composition to retajy its shape afger extrusion.

Vacuum

N2

) ic pressing
Figure 7.6 Schematic diagram of hydrostatic pressing

Explosive compaosition

Rubber

diaphragm EN e ;

Vacuum
‘L Conso!idated
. \/ explosive
./ Composition

[ ] ic pressin
Figure 7.7 Schematic diagram of isostatic pressing

I]lO

€55 g, he compo 0 1S cut 1 ”le (|ES]]C 1

ll”d h{“ “]E. Ihc tEChl“que 0! maChI!llllg an EKplDSl Ve comp
b ous a]ld l’EfOI‘C 15 m t © .

VEry hd;.c“d u llie S 311[“ a e([ llld Ca]']Cd ()I.ll =t

18 Schematie diagram of Fam extrusion
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FPowdered
explosive
oOmposition s
compositio Twin screw
extruder

Extruded
explosive —‘:’
composition

Figure 7.9 Schematic diagram of bwin seren CxXtusion
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