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1 Introduction
1.1 It has been asked that a report be produced on the selection and manufacturing processes of suitable explosive chemical compositions for use in the explosive train of a hand grenade.
1.2 Explosive compositions for each stage of the explosive train has been selected with reasoning behind the ingredient selection including their chemical equations, molecular structures, thermochemistry, physical characteristics and expected performance characteristics. 
1.3 “A grenade is a small explosive, chemical, or gas bomb. It is used at short range, thrown by hand, or launched with a grenade launcher. The resulting powerful explosion causes shockwaves and disperses high-speed fragments of the metal, which provoke shrapnel wounds. The word grenade comes from the French word for pomegranate. because the early grenades looked like pomegranates.” [1]. See Figure 1 for Typical Modern Anti-personnel Fragmenting Grenade Design.
[image: ]
Figure 1 – Typical Anti-personnel Fragmenting Hand Grenade (USA-M67) [2]
2 Method
2.1 Grenade fuzes typically consist of a percussion primer a delay composition and a detonator. When the safety pin is removed from the grenade a spring-loaded striker rotates on its axis and hits the percussion primer, this impact stimulus ignites the primer composition producing hot gasses and molten slag to eject which ignites the delay composition. See Figure 2 below for a typical modern hand grenade fuze design.
[image: ]
Figure 2 – Typical Modern Hand Grenade Fuze Design (USA – M213) [3]
2.2 Explosives typically fall into two main categories: Primary and Secondary Explosives. Primary Explosives are generally sensitive explosives which are used in small quantities (milligrams-grams) in initiators, primers, and detonators. Small quantities are used due to the ability to burn to detonation in very small amounts, they have a high explosiveness, and high sensitiveness.  
‘One of the most important characteristics of an effective primary explosive is an extremely swift deflagration to detonation transition, meaning that once the material is initiated, it quickly proceeds from a rapid combustion to a detonation (the reaction front becomes supersonic)’. [4]
2.3 Secondary Explosives are much less sensitive than primary explosives with low explosiveness and low sensitiveness and are generally used in much larger quantities (kilograms to tons) as the main charges and boosters in explosive devices.
2.4 Percussion Primer
2.4.1 The Percussion Primer converts the mechanical energy of the striker into chemical energy and is the first stage of the grenades explosive train, typical primer compositions consist of four key components: A Primary explosive, oxidizer, fuel, sensitizer and on some occasions a binder. 
2.4.2 Table 1 shows a list of typical primer and detonator formulations, primer composition NOL-60 is the example composition selected for discussion the main constituents are shown below.
· Lead styphnate (basic or normal) 
· Tetrazene
· Barium nitrate
· Antimony trisulfide
[image: ]
Table 1 – Typical Primer and Detonator Formulations [4]
2.4.3 Lead Styphnate (LS)
2.4.3.1 Lead Styphnate (LS) (Lead (II) 2,4,6-trinitrobenzene-1,3-diolate) [5] is the most used primary explosive in percussion primers its appearance is of a yellow to brown crystalline solid, the chemical formula for LS is expressed as PbC6H3N3O9 [11] and is synthesized from the nitration of magnesium styphnate with lead acetate.
2.4.3.2 LS has a high sensitivity to shock and friction, molar mass of 450.288g/mol, density of 3.06-3.1g/cm3, Velocity of Detonation (VoD) of 5200m/s and a standard Heat of Formation (∆HF) of −835 kJ mol-1. LS can be found in two forms; Basic and Normal, their molecular structures have been shown in Figure 3. [5]
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Figure 3 – Lead Styphnate (LS) Basic and Normal molecular structures [4]
2.4.3.3 Both normal and basic forms are used in munitions for different applications, in its basic form LS has a greater thermal stability and is more compatible with other explosives than its normal form, although with normal LS it is easier to control the crystalline structure allowing a wider range of application, normal lead styphnate exists in α and β form. 
2.4.4 Tetrazene
2.4.4.1 Tetrazene (1-(5-tetrazolyl)-3-guanyl tetrazene hydrate) is an explosive material used for sensitization of the priming compositions. [6]. LS on its own in the priming composition does not provide the required sensitivity to reliably initiate the delay composition, although tetrazene is weaker than LS it is more sensitive, when added it increases the priming compositions sensitivity to friction and impact.
2.4.4.2 Tetrazene’s appearance is a pale yellow to colorless crystalline compound, its chemical formal is expressed as C2H8N10O, its molar mass is 188.15 g/mol, a density of 1.7g/cm3, a standard ∆HF of 301.3 kJ mol-1 and a V of D of around 1500-4000m/s depending on method of manufacture, when pressed enough its sensitivity is reduced or destroyed; this is known as dead pressing. [7] See Figure 4 below for Chemical Structure of Tetrazene.
[image: ]
Figure 4 – Chemical Structure of Tetrazene [7]
2.4.5 Barium Nitrate
2.4.5.1  Barium nitrate is the oxidizer used in the priming composition to aid combustion, its chemical formula can be expressed as BaN2O6 it’s a strong non-hydroscopic oxidizer which has a physical appearance of a clear to white crystalline solid. 
Oxidizer- also known as an oxidant or oxidizing agent, is a reactant that removes electrons from other reactants during a redox reaction. It may also be considered a chemical species that transfers electronegative atoms to a substrate. [8]
2.4.5.2 Barium nitrate has a molar mass of 261.34 g/mol, a density of 3.24 g/cm³ and a standard ∆HF of -988 kJ/mol. [9] See Figure 5 below for the chemical structure of Barium Nitrate.
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Figure 5 – Chemical Structure of Barium Nitrate [9]
2.4.6 Antimony Trisulfide (AT)
2.4.6.1 Antimony trisulfide is the fuel used in the priming composition which reacts vigorously with oxidizing agents, its chemical formula is expressed as Sb2S3 and has a physical appearance of grey to black orthorhombic crystalline solid. Its molar mass is 339.715 g/mol a density of 4.562 g/cm3 and a standard ∆HF of -157.8 kJ/mol. [10] Below in Figure 6 is the chemical structure of Antimony Trisulfide.
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Figure 6 – Chemical Structure of Antimony Trisulfide [10]
2.5 Delay Composition
2.5.1 A pyrotechnic delay composition is a critical aspect of the explosive train, not only to the safety of the user or platform but also to the end effect of the explosive device. Delay compositions fall into two categories gassy and gasless each having their own benefit for use in specific applications.
Gasless Delay Compositions – Are used in conditions of confinement or at high altitudes where it is important that variations from normal, ambient pressure do not occur. [11]
Gassy Delay Compositions – Are used in vented conditions and at low altitudes [11]
2.5.2 The application a delay composition is chosen for is also determined by its burning rate, for use within a suitable explosive train for a hand grenade it is required to burn for 4-5 seconds before initiating the detonator. Key aspects that effect the burn rate of the delay composition are the ingredients particle size and shape, packing density, source of ingredients and any change to the stoichiometry of the mix.
Stoichiometry – The relative quantities of components in a reacting system [12]
2.5.3 A delay composition consists of a fuel an oxidizer and additives, used to modify the burn rate to suit its application, a typical hand grenade and its stoichiometric mix has been shown below:

· Barium Chromate 60% 
· Potassium Perchlorate 15%
· Zirconium-Nickel Alloy 25%        [13]
2.5.4 Barium Chromate
2.5.4.1 Barium chromate, named barium tetraoxochromate (VI) by the IUPAC, is a yellow sand like powder with the formula BaCrO4. It is a known oxidizing agent and produces a green flame when heated, a result of the barium ions. It has a molar mass of 253.37 g/mol, and a density of 4.498 g/cm3. [14]
2.5.4.2 Figure 7 below shows the chemical structure for Barium Chromate, it is clear to see the compound is a strong oxidizer from the amount of oxygen molecules available for reaction.
[image: ]
Figure 7 – Chemical Structure of Barium Chromate [15]
2.5.5 Potassium Perchlorate
2.5.5.1 Potassium perchlorate is a very common oxidizer in pyrotechnics. Composition based on perchlorates tend to be less sensitive than those based on chlorates, and perchlorates can be used with sulfur and sulfides, its chemical formal is expressed as KClO4. [16]
2.5.5.2 Potassium perchlorate has a standard ∆HF of -433 kJ/mol, a molar mass of 138.55 g/mol, a density of 2.52 g/cm3. Potassium perchlorate is prepared industrially by treating sodium perchlorate with potassium chloride. [17] See Figure 8 below for the chemical structure of potassium perchlorate.
[image: ]
Figure 8 – Chemical Structure of Potassium Perchlorate.
2.5.6 Zirconium-Nickel Alloy
2.5.6.1 Commonly used fuels used in pyrotechnic compositions tend to be metals, metal alloys, and metal hybrids although some organic and inorganic fuels are also used. Metals increases the heat energy of the reaction and its form and particle size are critical to the burn rate of the composition a direct relation to the surface area of the particles, variations of the surface area result in variations in the burn rate of the composition. 

2.6 Detonator
2.6.1 The detonator’s purpose is to transfer and boost the input energy received from the deflagration of the delay composition and detonate, producing a shock wave which travels through the material and provides enough output energy to detonate the main charge.
2.6.2 Most detonators and boosters consist of a mixture of secondary and primary explosives, or sometimes just one secondary explosive, secondary explosives require specific impetus to detonate so the addition of the primary explosive will increase the sensitivity of the detonator/booster to ensure the input energy received from the delay composition transitions reliably. A typical hand grenade detonator composition consists of RDX/Lead Azide 70/30.
2.6.3 Research Department eXplosive (RDX)
2.6.3.1 RDX, also known as Hexogen & cyclonite, is the most used secondary explosive in munitions it has high explosive power with good chemical stability, while its use of an explosive was not recognized until 1920. It was also the first explosive used in a PBX (Polymer Bonded Explosives) formulation. [11]
2.6.3.2 RDX is an organic compound, white to clear crystalline solid the method used to manufacture will depend on what type is produced Type A or Type B. 
2.6.3.3 Type A’s (Brockman process) method of synthesis produced pure RDX with no impurities on its own pure RDX is very sensitive so is phlegmatized during the manufacturing process to limit the handling risk. [11]
2.6.3.4 Type B’s (Bacchmann process) method of synthesis produced 8-12% of impurities [12], these impurities were later found to be HMX an even more powerful explosive.
Phlegmatized - Is a term applied to an explosive that has had an agent added to stabilize or desensitize it. Sometimes this is desirable either to enhance the handling properties of an explosive (e.g. when munitions are filled in factories). [18]
2.6.3.5 RDX has a molar mass of 222g/mol, a density of 1.82 g/cm3 and has a standard ∆HF of 62kJ/mol its chemical formula is expressed as C3H6N606 [11]. Its chemical structure has been shown below in Figure 9.
[image: ]
Figure 9 – Chemical structure of RDX
2.6.4 Lead Azide
2.6.4.1 Lead Azide (LA) is also a primary explosive like LS although even more sensitive, it exists in two forms α (Orthorhombic) and β (Monoclinic), α is more stable than its β from and is used more often, methods of manufacture are the same, its final form is determined by the speed of stirring during synthesis. 
2.6.4.2 LA is used more often than LS in boosters and detonators due to its detonative qualities, it can transition from deflagration to detonation (DDT) with little input stimulus, it has a white crystalline appearance its chemical formula is expressed as PbN6 , its molar mass is 291g/mol, has a standard ∆HF of 469 Kg/mol, and a V of D of ~ 5200m/s [11]. LA’s chemical structure has been shown below in Figure 10.
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Figure 10 – Chemical Structure of Lead Azide [19]
2.7 High Explosive (HE) Main Filling 
2.7.1 The HE main filling of any explosive device produces the required end effect and is the final stage of the explosive train. Secondary explosive compositions are used to produce vast quantities of gaseous products and high temperatures also due their insensitivity to external stimulus burning has little effect typically they need a shock wave to initiate detonation (SDT).
2.7.2 In the case of a fragmenting hand grenade a bursting charge is required to effectively fragment the body of the grenade, explosive composition with high brisance is required. A typical HE filling for a hand grenade would be RDX/TNT 60%/40% respectively. See section 3.8.3 for information on RDX.
Brisance – is the shattering property exhibited by an explosive determined by its detonation pressure. [12]
2.7.3 Tri-Nitro-Toluene (TNT)
2.7.3.1 TNT can exist in six different isomers, the isomer used in the explosive industry is 2,4,6 trinitro-toluene. Its chemical formula is expressed as C7H5N3O6 [11]. The 2,4,6 refers to the position the nitro groups are attached to on the benzene ring. 
2.7.3.2 TNT has a low melting point of 81°C which makes it easy to melt cast into munitions, it is also less sensitive than the RDX so when used in combination the melted TNT suspends the RDX crystals in its matrix which de-sensitizes the pure RDX. One issue TNT based compositions has it that it tends to exude in humid conditions, the exudation present has an increased sensitivity and poses a serious hazard
2.7.3.3 TNT is of a pale-yellow appearance and a crystalline solid, it has a molar mass of 227.1g/mol a density of 1.65g/cm3 and a standard ∆HF of -26 Kg/mol. [11] See Figure 11 below for Chemical Structure for TNT 2,4,6.
[image: ]
Figure 11 – Chemical Structure of TNT 2,4,6.

3 Thermochemistry
3.1 To determine the characteristics and performance of an explosive composition, there must be an understanding of its Oxygen Balance (Ω), Heat of Formation (∆HF ), Heat of Reactants (∆HR), Heat of detonation (∆HD), Heat of Explosion (Q) and Volume of gases (V) products, using these values we can determine explosive power and power index for the compositions. 
3.2 For the purpose of this report only the detonator and main filling will be used to calculate thermochemical values.
3.3 Oxygen Balance
3.3.1 Oxygen balance (Ω) can be defined as:
The amount of oxygen in an explosive mixture, expressed in weight percent, liberated as a result of complete conversion of explosive material to CO2 , H2 O, SO2 , Al2 O3 , and other non-toxic gases; referred to as positive oxygen balance; negative oxygen balance is a deficient amount of oxygen leading to incomplete oxidation of explosive materials resulting in the possible formation of toxic gases, such as CO and NO. [11]
3.3.2 Using the general formula CaHbNcOd and letting M signify the molecular mass of the explosive compound Equation 1 we can determine the Ω of the HE composition discussed in section 3 of this report.
Eq 1.	
3.3.3 Detonator
3.3.3.1 Due to a mixture of compositions being used we must first consolidate how many atoms of each element is present in the compound and its molecular mass, see Table 2.
	
	
	
	
	
	Mol of atoms in 1g of mixture

	Explosive 
	Formula 
	Mass % (g)
	Molar mass (g)
	Molar % in 1g of mix
	C
	H
	N
	O

	RDX
	C3H6N6O6
	0.7
	222
	0.7/222 = 0.00315
	0.00315 x 3 = 0.00945
	0.00315 x 6 = 0.0189
	0.00315 x 6 = 0.0189
	0.00315 x 6 = 0.0189

	Lead Azide
	PbN6
	0.3
	291
	0.3/261 = 0.00115
	0.00115 x 0 = 0
	0.00115 x 0 = 0
	0.00115 x 6 = 0.0069
	0.00115 x 0 = 0

	[bookmark: _Hlk57494003]
	
	
	
	Total:
	C0.00945
	H0.0189
	N0.0258
	O0.0189


Table 2 – Atomic composition of LA/RDX 30%/70%
3.3.3.2 Using the formal given in Equation 1, we can now derive Ω for the detonator composition, see Equation 2 below.
Eq 2. -15.12


3.3.4 HE Main Filling
3.3.4.1 Much like the detonator the HE main filling is a binary mixture the same method as the detonator will be followed see Table 3 below for the atomic composition of RDX/TNT 60%/40%. 
	
	
	
	
	
	Mol of atoms in 1g of mixture

	Explosive 
	Formula 
	Mass % (g)
	Molar mass (g)
	Molar % in 1g of mix
	C
	H
	N
	O

	RDX
	C3H6N6O6
	0.6
	222
	0.7/222 = 0.00270
	0.00270 x 3 = 0.00810
	0.00270 x 6 = 0.01620
	0.00270 x 6 = 0.01620
	0.00270 x 6 = 0.01620

	TNT
	C7H5N3O6
	0.4
	227
	0.4/227 = 0.00176
	0.00176 x 7 = 0.01232
	0.00176 x 5 = 0.00880
	0.00176 x 3 = 0.00528
	0.00176 x 6 = 0.01056

	
	
	
	
	Total:
	C0.02042
	H0.02500
	N0.02148
	O0.02676


Table 3 – Atomic composition of RDX/TNT 60%/40%
3.3.4.2 Using the formal given in Equation 1, we can now derive Ω for the HE main fill composition, see Equation 3 below.
Eq 3. -42.53
3.4 Decomposition products
3.4.1 If an explosive composition has an oxygen balance greater than -40 a set of rules can be used derived by Kistiakowsky and Wilson to determine the decomposition products of an explosive, below is the four K-W Rules. 
I. Carbon atoms are converted to carbon monoxide.
II. If any oxygen remains, hydrogen is oxidized to water.
III. If any oxygen remains carbon monoxide is converted to carbon dioxide.
IV. All the nitrogen is converted to nitrogen gas. [11]
3.4.2 When an explosive composition has an oxygen balance less than -40 the K-W rules cannot be used so they were modified, these are known as the Modified K-W Rules which are shown below.
I. Hydrogen atoms are converted to water.
II. If any oxygen remains carbon is converted to carbon monoxide.
III. If any oxygen remains carbon monoxide is converted to carbon dioxide.
IV. All the nitrogen is converted to nitrogen gas. [11]
3.4.3 Detonator Composition
3.4.3.1 Using the atomic ratios of the detonator composition shown in Table 2 and knowing its = -15.12 we can apply the K-W Rules to determine its decomposition products, see Equation 4 below.
Eq 4.	C 0.0094H 0.0189N 0.0258O 0.0189 → 0.0094CO + 0.0094H20 + 0.0129N2

3.4.4 HE Main Filling Composition
3.4.4.1 Using the atomic ratios of the HE main filling composition shown in Table 3 and knowing its = -42.53 we can apply the Modified K-W Rules to determine its decomposition products, see Equation 5 below.
Eq 5.	C0.0204 H0.0250 N0.0215 O0.0268 → 0.0143CO + 0.0061C + 0.0125H20 + 0.0107N2
3.5 Heat of Detonation (ΔHD), Heat of Explosion (Q) & Volume of Gasses (V)
3.5.1 To determine Q, we must first derive the Heat of Detonation (ΔHD) of the composition. This is done by initially determining the sum of the heats of formation of the molecules present in the composition (reactants) then these are subtracted from the heats of formations of the decomposition products (products) in this case the delta is ΔHD.  Hess law has been shown in Figure 12 below.
[image: ]
Figure 12 – Hess’s Law [20]
3.5.2 Using the ΔHF stated in section three of this report and the decomposition products derived in 3.4.3 & 3.4.4 we can determine the ΔHD for the detonator and HE main filling compositions, see Equation 6 & 7, respectively.
Eq 6. Detonator Composition
              			ΔHD = ΔH2 – ΔH1
ΔH1 = ΔHF (C 0.0094 H 0.0189 N 0.0258 O 0.0189)
ΔHF RDX = 62kJ/mol
ΔHF LA = 469kJ/mol
ΔHF H20 = -242kJ/mol
ΔHF C0 = -110kJ/mol
ΔH1 = (0.00315 x 62) + (0.00115 x 469) = 0.195 + 0.539 = 0.735 kJ
ΔH2 = (0.0094 x (-110)) + (0.0094 x (-242)) = - 1.034 -2.274 = -3.309 kJ
ΔHD = ΔH2 – ΔH1 = -3.309 - 0.735 = -4.044 kJ for 1g of composition.
Eq 7. HE Main Fill Composition
             		 	ΔHD = ΔH2 – ΔH1
ΔH1 = ΔHF (C 0.0204 H 0.0250 N 0.0215 O 0.0268)
ΔHF RDX = 62kJ/mol
ΔHF TNT = -26kJ/mol
ΔHF H20 = -242kJ/mol
ΔHF C0 = -110kJ/mol
ΔH1 = (0.0027 x 62) + (0.00176 x (-26)) = 0.1674 + (-0.0458) = 0.1216‬ kJ
ΔH2 = (0.0143 x (-110)) + (0.0125 x (-242)) = -1.573‬ + (-3.025)‬ = - 4.598kJ
ΔHD = ΔH2 – ΔH1 = - 4.598 - 0.1216 = - 4.7196‬ kJ for 1g of composition.
3.5.3 Now we have the ΔHD for both compositions we can derive Q using the equation shown below in Equation 8 where M is 1g. Using the values derived for ΔHD in Equation 6 & 7 we can determine Q for both the detonator and HE main filling compositions, see Equations 9 & 10, respectively.
Eq 8.					
Eq 9. Detonator Composition		 = -4044 kJ/kg
				Heat of Explosion 
Eq 10. HE Main Fill Composition		 = -4719.6 kJ/kg
				Heat of Explosion 
3.5.4 Using Equation 4 & 5 we can determine the Volume of Gasses (V) produced by the explosions for the detonator and HE main filling compositions, see Equation 11 & 12, respectively.
Eq 11. 		From Eq 4. C 0.0094H 0.0189N 0.0258O 0.0189 → 0.0094CO + 0.0094H20 + 0.0129N2
		1g of gaseous product contains 0.0317 mol
		1g of gaseous product will occupy 22.4 x 0.0317 = 0.71008 dm3/g
		V = 0.71008 dm3/g
Eq 12. 		From Eq 5. C0.0204 H0.0250 N0.0215 O0.0268 → 0.0143CO + 0.0061C + 0.0125H20 + 0.0107N2
		1g of gaseous product contains 0.0317 mol
		1g of gaseous product will occupy 22.4 x 0.0375 = 0.84 dm3/g
		V = 0.84 dm3/g

3.6 Explosive Power 
3.6.1 The explosive power of the detonator and HE main filling compositions can now be derived using Equation 13 below.
Eq 13		Explosive Power = Q x V 
3.6.2 See Equation 14 & 15 for the determination of explosive power of the compositions.
Eq 14	Detonator Composition
		Explosive Power of 1g = x 0.71008 = 2871.564	
Eq 14	HE Main Fill Composition
		Explosive Power of 1g = x 0.84 = 3964.464	
4 Discussion 
4.1 The values derived for the explosive power of the compositions can be used to discover its power index this is achieved by comparing the values for Q & V of the composition with Q & V values of picric acid. These figures can be used to gain a TNT equivalence for the explosive which is used industry wide to assess the performance and output characteristics of an energetic material.
4.2 Improvements could be made to all compositions discussed in this report, the removal of lead-based energetics is a necessity, their use has environmental and health implications. For the delay composition Titanium and PTFE have shown to be good candidates, pressed at different densities and varying particle size to control the burn rate, removing the need for the use of perchlorates. 
4.3 To the HE main filling there could be the addition of aluminum powder to increase the heat of explosion (Q), also the explosive type and form could be changed to a HMX based PBx, (higher energy explosive) Pbx’s are generally more insensitive than melt cast materials, and has better mechanical properties although more difficult to manufacture. A hand grenade would be a suitable candidate for the development of in-case Resonant Acoustic Mixing (RAM) to produce a more homogenous mix with increased solids loading.
5 Conclusion
5.1 There are many aspects to consider when selecting an explosive composition, not only the purpose of the device or function of the composition alone but the application that it will be used in will ultimately dictate the constituents selected for any area of the explosive train. 
5.2 Typical energetic compositions contain an explosive, fuel, oxidizer and sensitizer/desensitizer and a binder. The method of synthesis of the explosive elements are critical to their safety and performance, any deviations or anomalies during manufacture can result in different explosive forms being produced, also the geometry and packing density of the material has a direct effect on performance.
5.3 As we progress through the explosive train the activation energy required to begin the next stage of the train is ever increasing, beginning with a mechanical input to a detonative input.
5.4 When assessing the performance of an explosive composition, understanding the oxygen balance is critical to understanding the decomposition products that are produced during the event, and in turn used to determine the volume of gasses produced and the heat of explosion which both qualities dictate performance and suitability.
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