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The world is full of simple explosive devices that fulfil a variety of roles. Blasting charges for mining and quarrying, fireworks to provide entertainment, hand grenades for use in war, flares for signalling.  Depending on their intended use these devices will have a variety of chemicals present in their workings to provide different effects such as blast, production of smoke, production of light.
The purpose of this document is to explore the materials that can be used in a simple explosive device, describing their chemical and physical properties. Calculations showing the heat release (ΔH) and the exothermicity of the reactions that take place when the high explosive materials detonate [1] will also be provided. The methods by which these materials are manufactured will also be investigated.
[bookmark: _Toc56249822]Explosive Train
The explosive train is the process that happens in most explosive devices. The definition as given by United States of America’s Bureau of Alcohol, Tobacco and Firearms is “the steps in which the explosives are aligned to initiate a munition or explosive device; such as a primer, detonator, booster, and main charge. Also called a firing train.” [2] The first step is the initiation of the explosive train. Primary explosives are very sensitive and very quickly transition from burning to detonation, they also have the ability to transmit this detonation to secondary explosives. It is for this reason that primary explosives are used in initiating devices. Typical primary explosives include lead Azide and lead Styphnate. Secondary explosives are a lot less sensitive than primary explosives, however they are more powerful and are often used to provide an explosive device’s main effect. Some of examples of secondary explosives are TNT and RDX which have both civilian and military applications. [3] A detailed example of an explosive train in action is detailed in the section below, using a High explosive (HE) hand grenade as an example.
[bookmark: _Toc56249823]Hand Grenade
The explosive item that this document will look at is a high explosive hand grenade. Grenades should be designed to be effective against unprotected personnel up to 10m away, and protected personnel up to 5m away [4] and to have a time delay of between 3 and 4 seconds.
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[bookmark: _Toc56249832]Figure 1 Hand Grenade [5]
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[bookmark: _Toc56249833]Figure 2 Hand Grenade Fuze [5]
The explosive train within a grenade works as follows. When the safety pin is removed the protective cover is released and falls off. The grenade is then thrown toward the target. The torsion spring in the primer initiation mechanism reasserts itself causing the firing piece to spring up, throwing off the fly off lever. The firing pin then strikes the primer at the top of the delay and initiation assembly. The flash from the primer ignites the first part of the delay charge. After a short amount of time the heat produced by the burning delay charge is enough to melt the solder holding the retaining ring in place. This releases the detonator carrier, which is forced downwards by the compression spring expanding into the space now available, bringing the detonator into contact with the booster.  As the delay charge burns out, the flash passes through two holes in the throttle cup and hits the flap valve, bending it, therefore allowing the flash to pass on to the detonator. The flash initiates the detonator, which in turn initiates the booster and subsequently the main filling. [5]
There are several safety devices built into a grenade and its explosive train, chief of which being the delay from the firing pin striking the primer, to the detonation of the main charge. This delay needs to be long enough to ensure that the risk of death or injury to the person throwing the grenade is minimal, whilst being long enough to ensure that the target doesn’t have time to pick the grenade up and throw it back. Therefore an appropriate material to provide the correct burn time needs to be identified. Other safety measures include the main charge being insensitive, so that the grenade doesn’t explode if subjected to shock, i.e. if it’s dropped. An appropriate material which can withstand the rough handling experienced on a battlefield is required.
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The primer is the first component within the explosive train of the grenade. The primer provides the initial flash that ignites the next stage of the explosive train. The primer in grenades consists of two main chemicals and several others. This document shall focus on the two main ones.
Lead Styphnate
Lead Styphnate, chemical formula C6HN3O8Pb, is used as one part of the makeup of the primer in the grenade. The book “The Chemistry of Explosives” by J. Akhavan states “Lead Styphnate is a weak primary explosive because of its high metal content (44.5%) and therefore is not used in in the filling of detonators. It is used in ignition caps.” [3] The chemical and physical properties of Lead Styphnate along with a drawing of it can be found below.
	Molar mass
	450.288 g/mol

	Appearance
	Reddish-orange solid

	Odour
	Odourless

	Density
	3.06 g/cm3 (20 °C)

	Melting point
	330 °C (626 °F; 603 K) (detonates)

	Boiling point
	Detonates

	Solubility in water
	Insoluble


Table 1 Lead Styphnate Chemical & Physical Properties [6]
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[bookmark: _Toc56249834]Figure 3 Lead Styphnate Chemical Drawing [7]
According to the European Chemical Agency “Lead Styphnate is made in batches or continuously by precipitation from a magnesium trinitroresorcinate solution at a pH of ca. 5.4 with a lead nitrate solution (Pb (NO3)2)” [8] Lead Styphnate is susceptible to detonation if exposed to static electricity, so all sources of ignition should be removed or mitigated so that they don’t pose a credible risk.
Barium Nitrate
Barium Nitrate, chemical formula BaN2O6, is the second component present in the primer cap of the grenade. It is non-combustible, but accelerates the burning of combustible materials. [9]  Hence its inclusion in the primer, to increase the flash produced and thereby more readily ignite the delay composition in the next stage of the explosive train. The chemical and physical properties of Lead Styphnate along with a drawing of it can be found below.

	Molar mass
	304.23 g/mol

	Appearance
	White solid

	Odour
	Odourless

	Density
	3.18 g/cm3

	Melting point
	413.9 °C (777.0 °F; 687.0 K) (decomposes)

	Boiling point
	Decomposes

	Solubility in water
	27.5 g/100 ml (20 °C)
37.9 g/ 100 ml (25 °C)


Table 2 Barium Nitrate Chemical & Physical Properties [6]
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[bookmark: _Toc56249835]Figure 4 Barium Nitrate Chemical Drawing [9]
Barium Nitrate can be prepared by reacting barium oxide, hydroxide or carbonate with nitric acid and recrystallizing it from the resulting solution. [10] As previously mentioned, Barium Nitrate accelerates the burning of combustible materials because it is a strong oxidiser.
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The delay train is the second component within the explosive train of the grenade. The delay train’s purpose is to provide a time delay from the initiation of the primer to the initiation of the main charge present. In the case of this grenade that is the detonation of the High Explosive filling.
Barium Chlorate
Barium Chlorate, chemical formula BaCl2O6, is the chemical that makes up the largest proportion of the mixture that is used to make the composition in the delay train. It forms very flammable mixtures when it is mixed with combustible materials. It is for this reason that is used to provide the delay from initiating the grenade to it finally exploding. The chemical and physical properties of Barium Chlorate along with a drawing of it can be found below.
	Molar mass
	304.23 g/mol

	Appearance
	White solid

	Odour
	Odourless

	Density
	3.18 g/cm3

	Melting point
	413.9 °C (777.0 °F; 687.0 K) (decomposes)

	Boiling point
	Decomposes

	Solubility in water
	27.5 g/100 ml (20 °C)
37.9 g/ 100 ml (25 °C)


Table 3 Barium Chlorate Chemical & Physical Properties [6]
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[bookmark: _Toc56249836]Figure 5 Barium Chlorate Chemical Drawing [11]
Barium Chlorate is prepared by bubbling ammonia through a solution of tartaric acid until ammonium tartrate is produced. Both solutions are then added to barium carbonate and boiled until ammonia and carbon dioxide stop emerging. The formula for this reaction is shown below. [12]
BaCO3 + 2 (NH4)2C6H2O6 + 2 KClO3 → Ba(ClO3)2 + H2O + CO2(gas) + 2 KHC6H2O6(prec.) + 4NH3(gas)
When Barium Chlorate is mixed with combustible materials it will burn vigorously with a flame that is very difficult to extinguish. 
Potassium Perchlorate
Potassium Perchlorate, chemical formula ClKO4, is the second chemical present in the delay train because it accelerates the burning of combustible materials such as the Barium Chlorate which is also present in the delay train.
	Molar mass
	138.55 g/mol

	Appearance
	White crystalline solid

	Odour
	Odourless

	Density
	2.5239 g/cm3

	Melting point
	610 °C (1,130 °F; 883 K)

	Boiling point
	Decomp. starts at 400 °C

	Solubility in water
	0.76 g/100 ml (0 °C)
1.5 g/100 ml (25 °C)
4.76 g/100 ml (40 °C)
21.08 g/100 ml (100 °C)


Table 4 Potassium Perchlorate Chemical & Physical Properties [6]
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[bookmark: _Toc56249837]Figure 6 Potassium Perchlorate Chemical Drawing [13]
Potassium perchlorate can be prepared by reacting a potassium salt, usually potassium chloride with sodium perchlorate. Potassium perchlorate will precipitate due to its low solubility. The perchlorate precipitate is then filtered and dried. After cooling the potassium perchlorate forms bigger crystals that are easier to deal with than a fine powder. [14]
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The detonator is the penultimate step in the explosive train and is responsible for transmitting suitable stimulus to the main charge to cause it to detonate. The detonator itself contains its own explosive train, consisting of ignition composition, primary explosive and secondary explosive, but this report shall not go in to that level of detail. As such this report shall focus on the Secondary Explosive element of the detonator which is responsible for providing the main charge the required stimulus
Pentaerythritol Tetranitrate (PETN)
PETN, chemical formula C5H8N4O12, is the most stable and the least reactive of the explosive nitric esters. It is a powerful explosive often used in detonators. Although it is not used in its pure form as it is too sensitive to friction and impact, as such it is normally plasticised to desensitise the explosive. [3]
	Molar mass
	316.15g/mol

	Appearance
	White crystalline solid

	Odour
	Odourless

	Melting point
	140 °C

	Boiling point
	180 °C (decomposes above 150 °C)

	Solubility in water
	2.042 mg/L at 30 °C



Table 5 PETN Chemical & Physical Properties [15]
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[bookmark: _Toc56249838]Figure 7 PETN Chemical Drawing [16]
PETN is made by mixing formaldehyde with calcium hydroxide in an aqueous solution held at 65-70°C. Nitration of Pentaerythritol can be achieved by adding it to concentrated nitric acid at 25-30°C to form PETN. [3]
Reaction
Firstly calculate the oxygen balance (Ω) for PETN using the formula:

For a chemical of formula CaHbNcOd with molecular mass M.



The products of detonation can then be calculated using either Kistiakowsky–Wilson (K-W) rules or modified K-W rules. The rule set used depends on the oxygen balance. For an oxygen balance less negative than -40% the K-W rules apply. For an oxygen balance more negative than -40% the modified K-W rules apply.
K-W Rules:
1. Convert as many available C atoms to CO as O atoms allow
2. Remaining oxygen is used to oxidise H atoms to water
3. Any extra oxygen still left is used to convert CO to CO2
4. All the nitrogen atoms are joined to form nitrogen gas molecules N2
Modified K-W rules:
1. Convert as many available H atoms to H2O
2. If any oxygen is left over, convert C atoms to CO
3. Remaining oxygen is used to convert CO to CO2
4. All the nitrogen atoms are joined to form nitrogen gas molecules N2
As PETN had an oxygen balance less negative than -40%, the K-W rules apply.
Therefore:
C5H8N4O12 → 2CO + 3CO2 + 4H2O +2N2
The enthalpy of detonation can then be calculated using the shown method.
C5H8N4O12			2CO + 3CO2 + 4H2O +2N2ΔHd

ΔH1
ΔH2


5C + 4H2 + 2N2 + 6O2
Heat of detonation (ΔHd) = ΔH2 – ΔH1
Where ΔH1 = heat of formation (ΔHf) of PETN
ΔHf PETN = -538.5 KJ/mol [17]
And ΔH2 = [2 x ΔHf(C0) + 3 x ΔHf(C02) + 3 x ΔHf(H2O)
ΔHf CO = -110.5 KJ/mol [18]
ΔHf CO2 = -393.5 KJ/mol [18]
ΔHf H2O = -241.8 KJ/mol [18]
Therefore:
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The main charge is the largest and final component of the explosive train. In the grenade’s case, this is a high explosive fill designed to produce a large blast. The main fill is made from secondary explosives as this is far safer than using primary explosives, which are far more susceptible to accidental detonation.
Cyclotrimethylenetrinitramine (RDX)
RDX, chemical formula C3H6N6O6, is a secondary explosive that rose to prominence during World War II. Pure RDX is very sensitive to initiation by impact and friction, it can be desensitised by coating the crystals with wax, oils or grease. RDX has a high chemical stability and great explosive power, making it perfect as part of the fill of the HE grenade. [3]
	Molar mass
	222.12 g/mol

	Appearance
	Colourless crystals

	Density
	1.82 g/cm3

	Melting point
	205.5 °C (401.9 °F; 478.6 K)

	Boiling point
	234 °C (453 °F; 507 K)

	Solubility in water
	0.00597 g/100 ml (at 25 °C)


 








Table 6 RDX Chemical & Physical Properties [19]
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[bookmark: _Toc56249839]Figure 8 RDX Chemical Drawing [20]
RDX is easily manufactured by adding hexamethylenetetramine to excess concentrated nitric aci at 25°C and warming to 55°C. RDX is precipitated with cold water and the mixture is then boiled to remove any soluble impurities. Purification of RDX is then carried out by recrystallization from acetone. [3]
Trinitrotoluene (TNT)
TNT, chemical formula C7H5N3O6, is a secondary explosive which was first made in 1863. It has low manufacturing costs and is relatively safe to handle compared to other explosives due to its low sensitivity to impact and friction. TNT is often mixed with the aforementioned RDX to form what is known as “Composition B” [3]
	Molar mass
	227.13 g/mol

	Appearance
	Pale yellow solid

	Odour
	Odourless

	Density
	1.654 g/cm3

	Melting point
	80.35 °C (176.63 °F; 353.50 K)

	Boiling point
	240 °C (464 °F; 513 K) (decomposes)










Table 7 TNT Chemical & Physical Properties [21]
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[bookmark: _Toc56249840]Figure 9 TNT Chemical Drawing [22]
TNT is produced by the nitration of toluene with mixed nitric and sulphuric acids in several steps. Toluene is first nitrated to mononitrotoluene and then dinitrotoluelene and finally trinitrotoluene (TNT) [3]
Reactions 
Calculate the oxygen balance for RDX.



As Ω is less negative than -40% the K-W rules apply. Therefore the products of detonation for RDX are:
C3H6N6O6 → 3CO + 3N2 + 3H20
The heat of detonation can then be calculated (ΔHd) = ΔH2 – ΔH1
Where ΔH1 = heat of formation (ΔHf) of RDX
ΔHf RDX = 209 KJ/mol [23]
And ΔH2 = [3 x ΔHf (C0) + 3 x ΔHf (H2O)
ΔHf CO = -110.5 KJ/mol [18]
ΔHf H2O = -241.8 KJ/mol [18]
Therefore:





Calculate the oxygen balance for TNT.


As Ω is more negative than -40% the modified K-W rules apply. Therefore the products of detonation for TNT are:
2(C7H5N3O6) → 7CO + 7C +3N2 + 5H2O
The heat of detonation can then be calculated (ΔHd) = ΔH2 – ΔH1
Where ΔH1 = heat of formation (ΔHf) of TNT
ΔHf TNT = -63.2 KJ/mol [24]
And ΔH2 = [7 x ΔHf (C0) + 5 x ΔHf (H2O)
ΔHf CO = -110.5 KJ/mol [18]
ΔHf H2O = -241.8 KJ/mol [18]
Therefore:




[bookmark: _Toc56249828]Conclusion
That concludes the analysis of the chemicals and chemical processes that are present in a typical HE hand grenade. The chemicals included in the primer achieve their designed purpose by providing both a fuel and an oxidiser to generate the flash that is needed to initiate the explosive train. The delay train includes a chemical that burns slow enough to create the required delay, but also hot enough heat to carry the flash through to the detonator. The detonator achieves its design by providing enough stimulus to the insensitive high explosive fill of the grenade -1588.4KJ/mol is more than adequate to provide the required stimulus. The heat of detonation of the main filling components -1265.9 KJ/mol and -1919.3 KJ/mol show that a lot of energy is released upon detonation. This achieves the primary function of the grenade to provide a large blast onto a target.
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