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[bookmark: _Toc139005167]1. Principles of Explosives
[bookmark: _Toc139005168]1.1 Explosions and Explosives
An explosion is a sudden release of a large amount of energy. The origin of the energy can be physical, such as a boiler explosion or a fission reaction; or chemical in nature involving the reaction of explosive materials [1]. 
[image: ][image: Nuclear fission of Uranium-235][image: Explosion Size Comparison 2: 1/2 Ton - 10 Tons Of TNT - YouTube]
[bookmark: _Ref138923532]Figure 1: The aftermath of a steam boiler explosion (top left) [2], a nuclear fission reaction (top right) [3] and a TNT chemical explosion (bottom) [4].
The scope of this report is to focus on chemical explosive materials and substances. The United Nations definition of an explosive substance is:
“…a solid or liquid substance (or a mixture of substances) which is in itself capable by chemical reaction or producing gas at such a temperature and pressure and at such a speed as to cause damage to the surroundings [5].”
Another way of interpreting this pressure change may be that the chemical reaction produces gaseous products faster than they can escape the point in space that they are created. 
For example, when detonating 1 gram of Trinitrotoluene (TNT), the velocity of detonation through the material is 6950 msec-1 in castings of density 1.625 gcm-3 [6].  Therefore, one can assume that the volumetric transformation of 1 gram of TNT is near instantaneous. Using the Modified Kistiakowsky-Wilson rules for the exact chemical decomposition reaction [1] the near instant volumetric change is from 0.61 cm3 to 180,000 cm3.
[image: ]
Figure 2: Visual schematic of the change in volume, hence pressure, in the detonation of 1 gram of TNT.
This pressure change is also accompanied by a release of energy from the chemical reaction as it is exothermic. It is this energy release that increases the temperature. An exothermic reaction is one where the total energy bond energy of the products is less than that of the reactants. The energy difference is known as the heat of explosion. The heat of explosion for TNT at STP is 4093.63 kJkg-1 [1]. Taking the density of air at sea level to be 1.22 kgm-3 [7] and the heat capacity of air at STP to be 1.0056 kJkg-1.K [8] then the calculated increase in temperature for the 1 m3 of air surrounding 1 kg of TNT would be an instant increase of approximately 4756 °C. This heat energy is obviously dissipated quickly into the wider system further than the 1 m3, but defining the system within the 1 m3 volume enables one to gain an appreciation of the heat and temperature change given off instantly by the chemical decomposition of 1 kg of TNT.
[image: ]
Figure 3: Visual schematic of the heat of explosion, hence temperature, in the detonation of 1 kg of TNT.
It may be then possible to appreciate the mechanism through which a large amount of pressure and heat energy is released in such chemical reactions from explosive substances and materials.
[bookmark: _Toc139005169]1.2 Classification of Explosives
It is possible to classify explosives in several ways. For instance, by chemical functional groups [1] or structure [9], whether they are a mixture or not [10] or how they are used in defence [11]. For the purpose an explosive train it is important to classify the explosives by how they release their energy. Figure 4 shows this classification:
[image: A picture containing text, screenshot, font, design
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[bookmark: _Ref138835147]Figure 4: Classification of Chemical Explosives [1] [11] [10] [12].
A chemical explosive can release its energy via deflagration or detonation. The principal differences between these two processes are described in Table 1. Selecting the correct explosive for the required function is critical in designing an explosive train for an explosive article intended use.

	Characteristic
	Combustion
	Deflagration
	Detonation

	Mechanism
	Burns layer by layer.
	Burns layer by layer violently.
	Explodes producing a shockwave, explosive decomposes on passage of the shockwave.

	Gas flow
	Opposite direction to the reaction front.
	Opposite direction to the reaction front.
	Same direction to the reaction front.

	Rate of reaction
	Slow.
	Subsonic velocity within explosive 
<1000 ms-1.
	Supersonic velocity within explosive
1500-9000 ms-1.

	Rate of Reaction (r, mms-1) Equation
	



(s)
	





	Governed by the speed of the shockwave through the explosive material.


	Oxygen Source
	Atmospheric.
	Within explosive.
	Within explosive.

	Action on confinement
	Burning continues until atmospheric O2 is used up.
	Burning continues violently and at a given pressure progresses to detonation.
	
-


[bookmark: _Ref138837476]Table 1: Properties of the deflagration and detonation processes [1] [13] [14].
The Figure of Insensitivity (FoI) is determined using a Rotterdam Impact Machine, which involves dropping a 5 kg weight on to 5 mg samples of primary and secondary explosives. This enables the determination of the Figure of Insensitivity (FoI). From these results a further classification of primary and secondary high explosives is obtained (Figure 5). This classification is useful to help us then understand the principles of an explosive train.
[image: ]
[bookmark: _Ref138837172]Figure 5: Classification of primary & secondary explosives by their FoI.
[bookmark: _Toc139005170]1.3 Explosive Trains
An explosive train is a sequential arrangement of explosive components [11]. An explosive train for an igniter and a detonator is depicted in Figure 6. A detonator function results in the delivery of a shockwave e.g., for the release of energy from the output charge or secondary explosive for destruction of a target. An igniter function results in the delivery of an output charge or propellant for the propulsion of an article towards a target at a desired velocity and vector.
A primer may otherwise be known as an “initiator.” A transfer element may otherwise be known as a “booster.” An output charge may also be known as a “main charge” [11].
A primer normally compromises of a primary explosive. Transfer elements and output charges can be either secondary explosives, tertiary explosives, propellant or pyrotechnic.
An explosive train begins with a very sensitive explosive chemical (primary) with a low FoI that can be easily set off with a non-explosive impulse such as a physical shock, friction, electrical spark or Electrostatic Discharge (ESD). The deflagration or detonation of this explosive then provides the Activation Energy (EA) to provide the explosive impulse to cause deflagration or detonation in the subsequent (secondary) chemical explosive [1] [9] [11] [15].
[image: A picture containing text, screenshot, design
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[bookmark: _Ref138851954]Figure 6: Schematic depiction of an explosive train in an igniter and a detonator [16].


[bookmark: _Toc139005171]2. Fixed Case Large Calibre Artillery
[bookmark: _Toc139005172]2.1 Main features
The main features of a fixed case large calibre artillery round are shown in Figure 7 [17]. 
[image: ]
[bookmark: _Ref138861827]Figure 7: Features of a fixed case large calibre artillery round [17].
It is possible to identify both ignitor (propelling) and detonator (bursting) explosive trains from Figure 6 in Figure 7. The explosive chains can be seen more clearly from a diagram from the Joint Services Publication 333:
[image: A picture containing text, diagram, line, screenshot
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Figure 8: Burning gun propellant and detonating High Explosive (HE) shell explosive trains [11].
The likely explosive chemicals used in each explosive are given in Table 2. JSP 333 states that the main charge filling for a L15 155 mm artillery shell (Figure 9) is 11kg of CW3, which is a mixture of RDX, TNT and a plasticiser [11].
	
	Burning/propelling explosive train
	Bursting/detonating explosive train

	Initiator/
Percussion element/
Primer
	Lead azide-based or 
Lead styphnate-based

	Lead azide-based or
M55 detonator: NOL-130 Stab Mix (Antimony sulphide, barium nitrate, lead azide, lead styphnate, tetrazene)

	Booster/
Ignitor
	Gunpowder G20
	Tetryl or
RDX/wax pressed

	Main charge/
Propelling charge/
Bursting charge
	Double base (NC + NG)
	CW3 (TNT + RDX + wax plasticiser)


[bookmark: _Ref138864255]Table 2: Likely explosive chemicals used in propelling and detonating explosive chains [11] [15].
[image: ]
[bookmark: _Ref138864511]Figure 9: Section of a L15 155 mm artillery shell with a CW3 main charge from JSP 333 [11].
Reordering the explosive chemicals in terms of FoI perhaps enables another representation of the explosive trains:

[bookmark: _Toc139005173]2.2 Functional Flow Diagram (FFD)
The following diagrams from Forty’s Artillery 1939-1945 [17] show the sequences for firing of a fixed case large calibre artillery round and the sequence of events of the shell on impact:
[image: ][image: ]
Figure 10: Shell firing sequence (left) & shell on impact (right) [17].
The super quick action flash channel appears to be an option in the shell to determine when it detonates the main charge – on impact or a set time period after. This super quick action function must be a selected by the modifying the fuze mechanically so that the upper detonator deflagrates straight to the booster and bypasses the delay element which is designed to deflagrate within the fuze for a set time before deflagrating into the lower detonator and continuing the detonating explosive train. 
From these images and the information presented in the previous section it is possible to use a system engineering tool [18] to understand more of the sequence of events in the function of this explosive article. 
[image: ]
Figure 11: FFD of the propelling and detonating explosive trains of a fixed case large calibre artillery shell.
Figure 1 FFD depicts the function of both explosive trains and how the sequence together to achieve the intended function. 
[bookmark: _Toc139005174]2.3 Physical Properties of TNT
From the image of a L15 shell in Figure 9, one of the constituents of the main charge is the explosive chemical 2,4,6-Trinitrotoluene (TNT). This section details the chemical structure (Figure 12) and physical properties (Table 3) of this explosive chemical.
[image: ][image: ]
[bookmark: _Ref138928046]Figure 12: Chemical structure of TNT (right) [9] and pale-yellow crystals of TNT (right) [19].
	Physical Property
	Pure TNT

	Colour
	Pale Yellow Crystalline Solid

	Molecular weight (gmol-1)
	227.133

	Melting Temperature (°C)
	80.7

	Thermal Ignition Temperature (°C)
	300

	Boling Point (°C)
	345-373

	Flash Point (°C)
	167.1

	Density at 20 °C (gcm-3)
	1.654

	Enthalpy of Formation (kJmol-1)
	-62.07

	Energy Formation (kJmol-1)
	-45.44

	Velocity of Detonation (kms-1)
	6.95


[bookmark: _Ref138925950]Table 3: Physical properties of TNT [1] [20].
Jacqueline Ahkavan states that TNT is by far the most important chemical explosive for main blasting charges, is safer to produce then NG and picric acid and is widely used in a highly pure form for military applications such as in large calibre artillery [1].
The melting temperature quoted in Table 3 is for pure TNT. The purity of a compound can be measured against its melting temperature [13]. JSP 333 states that for UK military applications the melting temperature of TNT must be at least 80.2 °C [11]. The reason for the difference in temperature is due to the presence of impurities and TNT isomers. TNT has six isomers altogether [1]. Isomers can have varying physical properties because of the slight differences is intramolecular interactions due to the chemical structural differences [13] [21].
[image: A picture containing diagram, sketch, pattern
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Figure 13: The six isomers of TNT [22]
[image: A picture containing diagram, sketch, white, line
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Figure 14: The three isomers of DNT [22].
During synthesis of TNT, the disubstituted Dinitrotoluene (DNT) is also synthesised in the product. DNT also has three isomers that contaminate the final TNT product [22]. 
	Physical Property
	DNT
	Difference to TNT

	Colour
	Pale-yellow to orange crystalline solid.
	More orange in colour.

	Molecular weight (gmol-1)
	182.134
	-44.999
Lighter molecular weight.

	Melting Temperature (°C)
	67-70
	-10.7-13.7
Lower melting temperature.

	Density at 20 °C (gcm-3)
	1.32
	-0.33
Less dense.


[bookmark: _Ref138932263]Table 4: Physical properties of DNT [23].
Table 4 shows the differences in physical properties between DNT and TNT. Of note here is that the melting temperature is lower. This means that DNT and its isomers are likely to melt before TNT and its isomers are.
The presence of isomers and the impurities such as DNT can lead to the TNT undergoing exudation. This process is more likely to occur in the summertime or in hotter climates as the hotter temperature cycles through the day night-cycle or moving from cooler to hotter areas [1] [20] [11]. During exudation a liquid eutectic mixture exudate is created. A eutectic mixture is solid solution consisting of two or more substances and having the lowest melting temperature of any possible mixture of these components [24]. Therefore, the melting temperature of the TNT main charge may not be at the 80.2 °C UK military requirement and may not behave as designed during expected during operations. 
During exudation the exudate flows as a liquid to other parts of the explosive article. This process causes cracks and cavities to form in the main charge. This can lead to premature detonation during adiabatic compression during the propelling phase (G forces) of the shell from the gun [1] [20] [11].
[image: ]
Figure 15: Types of defects that can occur in the main charge of a large calibre artillery shell [20].
The exudate also presents a toxicity, harmful to health and the environment [25] [26] as well as a fire and explosive risk [11]. 
The exudate can also create “fire channels” by moving along the screw thread of the fuze in the tip of the shell [1]. The exudate is described of “very high sensitiveness” [11] and so may lead also to accidental ignition of the charge. 
The exudate can also penetrate other areas of the article including exploder, safety and arming systems and prevent their proper function [1] [11].
Therefore, handling an exudated artillery shell is riskier with potential for unintended deadly consequences. It is imperative to prevent such defects in the main charge occurring and to also store and transport the artillery shells correctly to increase safety during their intended use.
[image: ]
Figure 16: Yellow-orange TNT exudate in a fuze screw thread [11].
[bookmark: _Toc139005175]2.4 Casting TNT
Molten TNT shrinks by 10.8% when solidifying [20] [11]. The Meissner process is used to fill shell main bursting charges to prevent the formation of defects such as voids or cracks forming in the final charge. 
[image: ]
Figure 17:Main charge shell filling by the Meissner process [20].
The process does this using a hot finger that is continuously heated with steam as the shell is filled. Impurities are concentrated at the last portion of the liquid to solidify therefore the hot finger is slowly withdrawn. The excess TNT-based main charge filling in the funnel containing most of the impurities is removed once the charge is filled. This process of knowingly concentrating impurities is called “zone refining.” The removed part of the filling is known as the “loss leader” [20].
[bookmark: _Toc139005176]2.5 Alternatives to Cast TNT in Large Calibre Artillery Shell Main Charges
[bookmark: _Toc139005177]2.5.1 60:40 RDX/TNT
To improve on the disadvantages of pure cast TNT main charges TNT can be mixed with other secondary explosive chemicals such as RDX [20]. An example of this is CW3 in the L155 mm shell (Figure 9) [11].
	Physical Property
	RDX

	Colour
	Colourless Crystalline Solid

	Molecular weight (gmol-1)
	316.138

	Melting Temperature (°C)
	142.9

	Thermal Ignition Temperature (°C)
	202

	Boling Point (°C)
	180

	Flash Point (°C)
	198.8

	Density at 20 °C (gcm-3)
	1.778

	Enthalpy of Formation (kJmol-1)
	-530.53

	Energy Formation (kJmol-1)
	-500.82

	Velocity of Detonation (kms-1)
	8.44


[bookmark: _Ref138937600]Table 5: Physical properties of RDX [1].
The advantages of mixing RDX with TNT is that it has a high chemical stability (Table 5) and a greater explosive power (Table 6) compared to a cast of just TNT.
	Explosive property
	RDX
	TNT

	Heat of explosion, QV (kJkg-1)
	5075.50
	4091.63

	Volume of Gas, V (dm3kg-1)
	907.63
	739.65

	TNT Equivalence
	1.52
	1.00


[bookmark: _Ref138937897]Table 6: Explosive properties of RDX and TNT [1].
TNT also benefits RDX due to its lower melting temperature and partially dissolving RDX it enables it to be cast into shells as in the Meissner process [11] [20].
[bookmark: _Toc139005178]2.5.2 Hexanitrostilbene (HNS) Addition to TNT
Another alternative to casting TNT is the addition of 0.3-0.5 % w/w Hexanitrostilbene to the molten TNT mixture. 
[image: Hexanitrostilbene - Wikipedia]
Figure 18: Chemical structure of HNS.
The addition disrupts the crystal formation during solidification to form smaller crystals (Figure 18). This has the effect of increasing the strength of the cast fivefold and further increasing crack resistance. This therefore reduces the chances of defects undergoing adiabatic heating under G forces that could lead to premature detonation.
[image: ]
[bookmark: _Ref138938567]Figure 19: Larger TNT crystals (left) & smaller crsytals on addition of 0.2 % HNS to cast TNT.
[bookmark: _Toc139005179]3 Conclusions for Safety During Storage, Transportation & Intended Use
There is much more to read in terms of requirements for safety of artillery during storage, transportation and intended use such as ESD protection and humidity requirements. The scope of this report to now has determined the following:
[bookmark: _Toc139005180]3.1 Fuze Removal
A method to reduce the risk of inadvertent ignition of a large artillery shell is to remove the fuze. By doing this the explosive train is disrupted and the main charge of the shell cannot proceed to detonation via impulse from the primary explosives in the initiators. 
[bookmark: _Toc139005181]3.2 Temperature
In designing a large calibre artillery round the selection of explosive chemicals that are stable in the environments in which it will be used is important to safety. For example, an RDX/TNT 60:40 mix will be a better selection for a main charge than a pure cast TNT one. This is because RDX imparts greater stability at higher temperatures.
[bookmark: _Toc139005182]3.3 Crystal Size, G Force & Adiabatic Heating
In designing a main charge, the addition of HNS to TNT increases main charge mechanical strength fivefold and has a greater resistance to crack growth. This will decrease the probability of defects and decrease the chances of premature detonation on using the explosive article. 
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2,4,6-TNT solidifies at 80.8°C; the other isomers solidify a few degrees lower.
U.S. Military Specifications call for a minimum of 80.2°C. The U.S. Department
of Energy specifications for TNT used for Composition B call for 80.6°C. Phys-
ical properties of TNT, along with those of several other aromatic explosives,
are listed in Table 3.2

Inits role as an intermediate in synthesizing TNB,TNBA (Figure 3.6) is made
by oxidizing TNT with a solution of KCIOs in nitric acid, or with a chromic
acid mixture. Although it s only slightly soluble in cold war, it decarboxylates
(loses the —COOH group by giving up CO; gas) in hot aqueous solutions, and
yields TNB when exposed to water vapor.

TNBA and TNT arc the two major monosubsttuted TNB that have a carbon
linkage to TNB. Four major monosubstituted TNBs with a nitrogen linkage to
TNB are shown in Figures 3.7 and 3.8

Tetwanitroaniline is also called picramid. It is prepared by straightforward,
Step-by.-step nitration of aniline, or in small batches by treating trinitrochloro-

CHs
0.N NO,

NO,

Figure 3.5. Triniotoluene, TNT.
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Table 3.2 Physical Properties of Some Aromatic Explosives

Detonsiion
Crysal - Meling  Velosity

Name Color Demsty  Point i Densiy

Trinitrobenzene (TNB) Light grecn-yellow 6 @i

Trinitrotoluene (TNT) Light yellow LSR8 6%0@160

Triniwobensoic acid (TNBA)  Yellow

Triniroaniline (TNA) Onnge.red e s wa@in

Teuyt Yellow 173 s 7ma@in

Eibyl tetryl Green-yellow 3 o5k

Pierc cid Yellow 176 25 73s@17

Ammanium picrate Yellow Imom 71s@is

Methyl picrate Pale ellow e e es@ls

Eibyl picrate Light yelow % 6N@lLss

Picry chloride Light yellow 1 B waein

Triniroxylene (TNX) Light yelow 18

Trintrocresol Yellow 8 esa@le

Styphric acid Yellow o edbrown 183 176

Lead syphate Onange yellowtobown 30 & 520@29

Triaminotsnirobenzene (TATB)  Bright yellow 19 30 735@1s0

Hexaniroaznbenene (HNAB)  Orange red 21

Hexanitostlbene (HNS) Yellow 178 31

Tetrnirodibenzoteimzapentalene  Orange red swa 725@ 164

ot
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(a) flow chemistry batch mode

Figure 3. TNT produced from (a) flow chemistry and (b) batch mode. The flow chemistry sample is
white, whereas the batch mode sample has a yellow hue caused by impurities.
a
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The Manufacture and Filling Integrity 1

Exudation —

/

Piping
A cavity formed during
solidification of the
explosive

Hollow spaces anywhere <
within the solid

Annulor
Covities of o ring-Uke "
formation A split, rift of
discontinuity in
the explosive
Cracks may be transverse
Porosity tongitudinal

lections of minute
cavities

A hairtine crack

Base separation

F16.9.7 Various charge defects

shrinks on setting, if care is not taken to control the cooling of the munition.
The explosive melt needs to be degassed before being cast otherwise small
gas bubbles will collect together as the charge cools and thereby create
porosity.

Rough handling of munitions may result in cracks in the explosive o
charge. The frequency with which this occurs may be minimised by @
ensuring the maximum strength of the TNT binder is attained when the
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under the extreme g-forces on launch causing adiabatic compression of the air
leading to ignition of the explosive and subsequent run to detonation within the
shell. This can occur within the gun barrel. To avoid this the molten TNT is
filled in to a pre-heated shell body with controlled cooling and a liquid TNT
header maintained above the setting filling to fill any cracks or voids, a method
known as the Meissner process.

Figure 11-1 TNT exudation in a fuze pocket thread

The potential for cracks or voids to form is exacerbated by the propensity for
TNT to crystalise in large crystals (Figure 11-2(a)) orientated in the direction of
heat flow which forms planes of weakness in the explosive. To minimise this
problem the crystal habit may be modified by adding a small quantity of
hexanitrostilbene (HNS) to the melt giving smaller grains as can be seen in
Figure 11-2(b). When added to compositions at the 0.3-0.5 % wiw it ensures
that the TNT crystallises out as very small randomly orientated interiocking
crystals. The strength of the cast charge may be increased as much as fivefold
and its cracking resistance considerably enhanced.
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funnel together with the now solidified excess explosive in which any
impurity is concentrated is removed and is referred to as the ‘lost header’.

The Hot Finger is
withdrawn slowly

Cooling and solidification
occurs from the base
of the Shell
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TNT to crystalllse in large crystals (Flgure 11-2(a)) orlentated in the direction of

heat flow which forms planes of weakness in the explosive. To minimise this

problem the crystal habit may be modified by adding a small quantity of

hexanitrostilbene (HNS) to the melt giving smaller grains as can be seen in

Figure 11-2(b). When added to compositions at the 0.3-0.5 % w/w it ensures

that the TNT crystallises out as very small randomly orientated interlocking

crystals. The strength of the cast charge may be increased as much as fivefold —
and its cracking resistance considerably enhanced.

(a) (b)
Figure 11-2 (a) Unmodified TNT, (b) TNT with 0.2 % wiw HNS
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