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This report compares how a range of compounds will affect each stage of the initiation train.  
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[bookmark: _Toc58614206]Introduction
According to Graham M Ainsley, a hand grenade is,” a hollow ball, cylinder, or cube, made of metal or other material, which is filled with some explosive, and burst by means of a fuse, or on impact when it falls among an enemy” [1]. 

There are many different types of explosive grenades, designed to spread fragments, defeat tanks, and deliver explosive power. Despite the range of use, each grenade functions in a similar way. Primary explosives initiate the grenade, a time delay fuse allows sufficient time for the grenade to be thrown, and the detonator activates the main payload. As per the initiation train, the energy required to initiate each step increases, as the sensitivity of each explosive decreases.

 Historically, a range of compositions has been used for each stage, however, factors such as their environmental effects, sensitivity, power, and reliability make some compositions now unsuitable for the role. This report aims to compare such compositions and analyse the manufacture and raw chemistry behind the chosen compound for each section.




[bookmark: _Toc58614207][image: ]Primary explosives [bookmark: _Toc56800271][bookmark: _Toc58585477][bookmark: _Toc58615817]Figure 1-Image of a time delay grenade [48]


Primary explosives are the starting point of all explosive trains and are found in the percussion cap and detonator. Figure 1 shows they must either react from the kinetic energy of the falling striker, or the chemical energy from the time delay fuse. No other stimuli, such as the grenade jolting around in battle, should be sufficient to activate such compositions. The compositions below are examples of primary explosives.
 


	[bookmark: _Hlk56607278]Property
	Mercury Fulminate
	Lead Styphnate
	Lead Azide
	CLCP
	KDNP

	Density (g cm−3)
	4.42 
	3.1
	4.71
	1.97
	1.982

	Velocity of Detonation    (ms-1) (VOD)
	4250 
	5200
	5180
	7460
	

	Detonation pressure (DP) (GPa)
	19.96
	20.96
	31.6
	27.41
	

	Melting point (°C)
	160
	260 ~ 310 
	190 
	295 
	289

	Figure of Insensitivity 
	10
	20
	30
	
	

	Oxygen balance (OB)
	N/A
	-16%
	N/A
	-2.01%
	-31.43%




[bookmark: _Toc56800272][bookmark: _Toc58585478][bookmark: _Toc58615818]Figure 2- A table displaying the physical properties of primary explosives. For information on the calculations used, please see the appendix. [2] [3] [4] [5] [6] [7] 



[bookmark: _Toc58614208]Mercury Fulminate
As it has the lowest figure of insensitivity, this chemical is highly sensitive. This is likely due to it having a much lower activation energy when compared to lead styphnate (31 kcal/mol compared to 55) [8]. It is non-hydroscopic and can be safely stored for up to a year- any longer and it will decompose into its constituent elements. Encountering metals such as aluminium, magnesium, zinc, copper, brass, or bronze in this reduced state forms amalgams, weakening it further [9]. Storing the explosive in warm environments can also render the explosive useless. Exposure to light causes slow decomposition, and to UV light an inflammable substance is formed [10].  Ideally, for safety of storage, the explosive crystals must be kept under distilled water [11], away from light. As shown in figure 2, it has the lowest VOD and DP, so may deliver insufficient energy to the next stages of the initiation train. The chemical itself is toxic, as are the mercury vapours it creates after decomposition. This leads to further issues with manufacturing and military usage [11].

[bookmark: _Toc58614209]Lead Styphnate 
Despite being used in a wide range of explosive devices, figure 2 shows lead styphnate’s low figure of sensitivity, enhanced by its long narrow crystal structure. It is particularly sensitive to fire and can discharge from as little as 0.004J of static when dry. To control this, work should be done inside a conducting environment using anti-static tooling. It is unreactive with metals, and slightly soluble in water, which reduces its sensitivity [12]. Unlike mercury fulminate, it remains stable during storage, even at high temperatures [13].  
Unfortunately, there are several toxicity and environmental issues with lead styphnate. Its use, manufacture and demilitarisation all come with additional compliance costs as well as associated health and safety regulations. [7]

[bookmark: _Toc58614210]ASA
This detonator composition includes lead azide, lead styphnate and aluminium. On its own, lead azide is a reliable explosive, with good thermal stability and an ignition temperature above 330°C. Figure 2 shows it has the highest detonation pressure, giving it good brisance and power. Additionally, it demonstrates its relatively high density, meaning it can expel more energy onto the next step in the ignition train. It is especially sensitive to electrostatic shock once crystalised [14]. It is mixed with lead styphnate because it sensitises it to flames.
Despite its long shelf life, lead azide can be particularly challenging to store. In an air aqueous medium, it can react to give basic lead azide and lead carbonate, which increase the reactivity of the explosive [15]. As a result, lead azide is stored in water to prevent such impurities forming. Unfortunately, water storage can increase the crystal size due to lead azides hydroscopic nature. This results in increased sensitivity to shock and friction over time [16]. 
The ASA mixture itself features a sensitivity to static from both lead compounds, which could cause accidental firing. This creates hazards when dry mixing, but when wet mixing is used, the mix is inadequately homogenous so does not function correctly. The environmental impact of both these toxic lead compounds is also a concern as compliance costs and regulations involving such compounds are on the increase [17]. 

[bookmark: _Toc58614211]CLCP
CLCP (2-(5-chlorotetrazolato)-pentaamine cobalt (III) diperchlorate) is a lead-free cobalt-based material that promises stability at high temperatures. This stability, as well as the auto ignition values, are similar to lead azides. It also boasts lower sensitivity to shock and friction events compared to its environmentally damaging counterparts. It has a 99.99% @95% initiation reliability [18]. Figure 2 shows it has the highest velocity of detonation, but the lowest density. These almost cancel out to give it the second highest DP, meaning it is capable of a powerful explosive output. The table also demonstrates its incredibly low OB, meaning less by-products are produced by incomplete combustion. A low OB often means the energetic has high strength, brisance, and low sensitivity [19]. 

Unfortunately, it requires a long column length (4-6 mm) in steel confinement to achieve a deflagration to detonation transition [20]. This confinement will take up valuable space where secondary explosives could be placed in the grenade, especially if used for the detonator and initiator. It is also desensitised by water, which increases problems with storage and manufacture, as all containers must be watertight and humidity levels monitored [5]. Most of the information for this explosive is from the manufacture’s website, and not independent studies. Therefore, there is a likelihood for exaggeration of properties. 

[bookmark: _Toc58614212]KDNP
[bookmark: _Hlk55664209]KDNP stands for potassium 5,7‐dinitro‐ [2,1,3] ‐benzoxadiazol‐4‐olate 3‐oxide. It is a new primer and ignitor, produced with no toxic or environmental elements. It has high thermal stability, and, like mercury fulminate, it is non hydroscopic. Unlike Mercury fulminate, it is compatible with metals such as steel, aluminium, and brass. Additionally, it was found to be less sensitive to ESD, friction and impact than lead styphnate. When it underwent testing as a percussion primer, missile squib and initiator, in replacement of lead styphnate, it met or exceeded the performance criteria [7]. 

[bookmark: _Toc58614213]Primary Explosive Conclusion
The health risks and toxicity associated with mercury fulminate and lead compounds make them unsuitable for manufacture and therefore consideration. Environmentally friendlier CLCP and KDNP are therefore more acceptable, however the steel confinement required by CLCP simply takes up too much space. Therefore, KDNP was considered the optimum primary explosive for these roles.

[bookmark: _Toc58614214]Manufacture of KDNP
[image: ]
[bookmark: _Toc58585479][bookmark: _Toc58615819]Figure 3- The synthesis of KDNP [21]
An aqueous solution of 3-aminopicric acid was added to potassium bicarbonate until no gas was being produced, and a dark red-brown precipitate formed. This mixture was then left inside a fume hood for 2 days whilst the volume decreased by approximately 2/3 by evaporation. The solid precipitate remaining was collected by filtration and then dried under a vacuum [22]. 
Changing the reaction conditions (e.g., timings and mixing speeds) between batches impacts the precipitate crystal structure of KDNP. Having a fast crystallisation process creates agglomerates of rods, however incorrect conditions, such as those allowing water retention can cause needle like structures to form [23] [7]. These crystal needles have a lower packing density and higher mechanical and thermal sensitivity when compared to their rod counterparts. This leads to poor performance and safety; therefore, it is key reactions conditions remain constant throughout manufacture [24]. This can be done by routinely checking the mixer and temperature settings, and ensuring all machines are calibrated and checked regularly.

[bookmark: _Toc58614215]Heat Release

[bookmark: _Hlk56798433]C6H3KN4O7 →6CO+H2O +2N2 + KH


The heat release was calculated to be -765.55 kJ mol-1, as shown in the appendix. The enthalpy change is negative; therefore, the reaction is exothermic. 



[bookmark: _Toc58614216]Time Delay Fuse

After initiation, the chemical energy is transferred from the percussion cap into the time delay fuse. The timing of this is crucial- if the delay is too long, it gives the opposition a chance to throw the grenade back or find cover. However, if the time delay is too short, it may not allow the soldier sufficient time to aim, throw, and for the grenade to hit the floor and fragment. Therefore, it is essential the timing of this delay is predictable and reliable [25]. 

	Property
	Gunpowder 
	Tungsten
	Barium Chromate
	Potassium perchlorate
	Triiron tetraoxide

	Density (g cm−3)
	1.7
	19.3 
	4.498
	2.5239
	4.8-5.1

	Melting point (°C)
	130
	3422
	210 
	610
	1538

	Oxygen balance (OB)
	47.5 % (from potassium nitrate)
	N/A
	63%
	46.2%
	28%





[bookmark: _Toc56800273][bookmark: _Toc58585480][bookmark: _Toc58615820]Figure 4 -Table displaying the properties of chemicals involved in the time delay fuses [26] [27] [28] [29] [30] [31]

[bookmark: _Toc58614217]Quick match
This pyrotechnic fuse encases a cotton string with black powder (gunpowder) around a thin paper tube. This tube confines the energetic, causing increased pressure down it. As the black match burns, hot gasses and flames build up, and are forced down the length of the fuse at high speed. When burnt, quick match releases nitrogen oxides, which cause irritation when breathing [32]. As shown by figure 4, gunpowder has the lowest melting point of all chemicals, so has little heat resistance, therefore giving it burn times of 500ft per second- too fast for this application. Additionally, its low-density results in far less energy being transferred to the detonator than the other 2 fuses. Gunpowder is hydroscopic so any water absorbed can cause reactions which eventually create potassium hydroxide, or sodium hydroxide. These chemicals can eventually corrode steel or wrought iron, causing issues as grenades are typically made from steel. [30] This could cause the grenade to malfunction, so keeping control of humidity levels during manufacture and assembly is essential. 

[bookmark: _Toc58614218]Tungsten, Barium Chromate and Potassium chlorate
[bookmark: _Hlk56609179]Tungsten is used frequently as a fuel in fuses, due to its high melting point displayed in figure 4 [26] . It does not rust or corrode, making it ideal to store. [33] The decomposition of oxidiser potassium perchlorate initiates the fuse. As well as improving the homogeneity of the mixture, diatomaceous earth reduces the reaction temperature of the second oxidiser barium chromate, affecting all subsequent reactions. The Viton binder has a low decomposition temperature, and it reduces the initial reaction temperature of the other chemical components, whilst increasing their weight loss percentage, allowing ease of ignition. 
Advantages are the minimal gas production and the ability to shape this fuse to a small diameter (below 4mm), making it ideal for hand grenade application. It also gives a slow propagation rate, making it more suitable compared to quick match [34]. Unfortunately, barium chromate has a range of health and ecological risks including being carcinogenic, very toxic to aquatic life and damage fertility/the unborn child [35]. As a result, there is talk of its prohibition from REACH  [36]. 


[bookmark: _Hlk56535083][bookmark: _Toc58614219]Tungsten and Triiron tetraoxide
This fuse is designed to have less health risks than the one above. Unfortunately, Triiron tetraoxide releases far less oxygen per mass when compared to it carcinogenic counterpart, as shown in figure 4. The composition utilises tungsten’s capabilities as a reducing agent (3.98 grams of reducing agent per gram of oxygen), and high thermal conductivity (174 Wm−1K1) to dissipate calories as well as reducing the burning rate and thus draining the heat of the reaction. To maintain uniform combustion, second oxidiser potassium perchlorate (oxygen content 46.2%) is added. Aluminium can also be added as a second reducing agent to ensure the burning rate can be corrected. A tin sheaf containing such composition with external diameter 3.1mm, should expect to burn at 3.5 mm/s to 4.5 mm/s [36]. 

[bookmark: _Toc58614220]Time delay compositions conclusion
Tungsten and Triiron tetraoxide is the safest fuse design that can be realistically used in a hand grenade scenario. It has an acceptable burn time for a grenade fuse unlike quick match, and the fuse length for a 4 second delay should easily fit inside the grenade. Its constituents are also nontoxic, making it significantly safer and cheaper to manufacture than barium chromate compositions.

[bookmark: _Toc58614221]Manufacture 
Materials are dry blended, then compressed into a ductile tin tube of initial diameter 17mm. This tube then reduces in diameter to a 3mm delay cord after being passed through dies. The control of aluminium is crucial as it provides the accelerating effect of the combustion. Therefore, adding different amounts can cause unreliability issues as the fuse timing is therefore affected [36]. 

[bookmark: _Toc58614222]Heat release

 KClO4+W+ 2Al+ Fe3O4 =2Al₂O₃+ WO3+ 3Fe+ KCl+ O2

[bookmark: _Hlk56798247]The heat of combustion is -3064.51 kJ mol-1, and the heat of explosion is -3062.13 kJ mol-1, as calculated in the appendix. The reaction is exothermic. 




[bookmark: _Toc58614223]Secondary Explosives

This is the main explosive charge in the grenade and must detonate with enough power to turn the casing of the grenade into deadly high-speed fragments. This is achieved by converting the chemical energy from the fuse into thermal, kinetic, and chemical energy.
	[bookmark: _Hlk56353161]Property
	FOX-7
	RDX
	TNT

	Density (g cm-3)
	1.885
	1.81
	1.65

	Velocity of Detonation (ms-1) (VOD)
	9090
	8700
	6840

	Detonation pressure (GPa) (DP)
	36.6
	34.8
	20.7

	Melting point (°C)
	238 
	204
	80

	Figure of insensitivity
	100
	80
	150

	Oxygen balance (OB)
	−21.6%
	-21.6%
	-74%




[bookmark: _Toc56800274][bookmark: _Toc58585481][bookmark: _Toc58615821]Figure 5- A table displaying the physical properties of secondary explosive  [37] [2]
 

[bookmark: _Toc58614224]TNT
Trinitrotoluene is a crystalline explosive used in grenades since WW1. It is often compatible with other explosives and does not form sensitive compositions with metals. It has good chemical and thermal stability. Figure 5 shows it is less sensitive than RDX and FOX-7, and has a lower melting point, which makes it perfect for melt casting. This type of manufacture is cheap and easy to process with steam. Unfortunately, it can make the composition brittle, induce stress, and have a high chance of causing hazards. Pure TNT requires extrudate to be added for extrusion, which reduces its overall explosive force. It is also mildly toxic and can cause liver damage and aplastic anemia [2].
TNT also creates problems during storage as the exudation of dinitrotoluenes and other isomers of TNT create impurities throughout the explosive. This causes pores and cracks in the explosive increasing shock sensitivity. If this exudation reaches the fuse heads, fire channels are created, increasing the risk of accidental detonation through fuse malfunctions. To reduce the formation of extrudates, add calcium silicate and keep storage conditions cool [38] [2].

[bookmark: _Toc58614225]RDX
[bookmark: _Hlk56534931]RDX is a heterocyclic compound with a high nitrogen content. As seen from figure 5, it has the shared highest OB with FOX-7, meaning they typically have the highest brisance and strength [19]. When detonated, it has around 1.5 times the explosive energy of TNT per weight, and around 2 times per volume. Unlike TNT, it has moderate toxicity with possible carcinogenicity. It also has the lowest figure of insensitivity of the three explosives and is sensitive to impact and friction [2]. 

[bookmark: _Toc58614226]FOX-7
FOX-7 is a new insensitive plastic bonded explosive. It contains a benzine ring with three amino and three nitro groups with similar sensitivities and decay as a benzene ring [39]. Its strong intra- and inter-molecular hydrogen bonding explains its low solubility, sensitivity to impact and friction and lack of a melting point [40]. As figure 5 shows, it has a higher figure of insensitivity than RDX, and is superior to it in almost all aspects. It also includes its slightly higher density than RDX, meaning it has more mass so therefore energy. However, when looking at the heat of reaction calculations, FOX-7 is found to release 5% less energy when compared to RDX [41]. The higher VOD, however, makes it useful in a hand grenade, as it will create more lethal fragmentation when compared to RDX.

[bookmark: _Toc58614227]Secondary explosive Conclusion 
Overall, FOX-7 is the explosive of choice. Its physical properties excel the other two chemicals in almost all aspects, delivering an insensitive, high powered explosive. 

[bookmark: _Toc58614228]Manufacture
[bookmark: _Hlk56688126] 4,6-Dihydroxy-2-methylpyrimidine was dissolved in sulphuric acid at room temperature, then cooled in a water bath at 4–8 °C. Fuming nitric acid was then added dropwise for 15 minutes whilst being kept below 10 °C. This was then cooled at room temperature for 3 hours before being stirred into a mixture of ice and water. The precipitate dissolves quickly under CO2 evaluation, then the yellow crystals of 1,1-diamino-2,2-dinitroethylene precipitate after 1 hour. All precipitate is then washed off to give FOX-7 [37].


[bookmark: _Hlk56800336][bookmark: _Toc58614229]Heat Release


C2H4N4O4= 2CO + 2H2O + 2 N2 

As calculated in the appendix, the heat release is 922.6kJ mol-1. The reaction is exothermic.




[bookmark: _Toc58614230]Overall Conclusion

These three chemicals were chosen with their environmental impact placed in high regard. The cost of using health and environmentally damaging chemicals is increasing, as is the legislation involved in their use. These three energetic substances not only replace their toxic counterparts, but often exceed their performance. 
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[bookmark: _Toc58614233]Oxygen Balance 
The oxygen balance was calculated using the equation below:
Ω    =     [ d – (2a) – (b/2) ] x 1600
M




Where:
CaHbNcOd   [2]

[bookmark: _Toc58614234]Detonation Pressure
When not specifically mentioned, the detonation pressure was calculated using the following equation:

P = 0.25 x r x D 2x 10-6
Where:
P= Setonation Pressure (GPa)
r = Explosive density (g cm−3)
D = Velocity of Detonation (ms-1)     [42]







[bookmark: _Toc58614235]Heat release workings for KDNP 

	Chemical
	Heat of formation

	KDNP
	−197.07kJ mol-1    [7]


	Carbon Monoxide
	-110.5 kJ mol-1        [43]

	Water (gas)
	-241.8 kJ mol-1        [43]

	Potassium Hydride
	-57.82 kJ mol-1     [44]


[bookmark: _Toc58585482][bookmark: _Toc58615822]Figure 6- The heat of formation of chemicals involved in the explosion of KDNP

C6H3KN4O7 →6CO+H2O +2N2 + KHEnergy RHS
6x(-110.5)+ (-241.8)+0+(-57.82 )=
-962.62 kJ mol-1     


Energy LHS
[bookmark: _Hlk56798524]−197.07kJ mol-1   

-962.62- -197.07 = -765.55 kJ mol-1    

[bookmark: _Toc58614236]Heat of explosion for pyrotechnics 

The heat of combustion was converted into the heat of explosion for the time delay fuses by the following formula:

Qv= Qp + 2.38n          kJ mol-1

Qv= the heat of reaction at constant volume (heat of reaction of an explosive)
n= the number of moles of gasses formed during reaction
Qp= the heat of reaction at constant pressure (heat of combustion of a pyrotechnic) [45]

[bookmark: _Toc58614237]Heat of combustion and explosion for Time delay fuse

	Chemical 
	Heat of formation 

	Potassium perchlorate
	-433kJ mol-1  

	Triiron tetraoxide
	-1120.9 kJ mol-1  

	Aluminium oxide
	-1669.8 kJ mol-1  

	Tungsten trioxide
	-842.91 kJ mol-1   

	Potassium chloride
	-435.9 kJ mol-1   


[bookmark: _Toc58585483][bookmark: _Toc58615823]Figure 7- Table showing heats of formation for the combustion of the time delay fuse [44]

KClO4+W+ 2Al+ Fe3O4 =2Al₂O₃+ WO3+ 3Fe+ KCl+ O2
Energy LHSEnergy RHS
2(-1669.8) + (-842.91) + (-435.9) = -4618.41 kJ mol-1

[bookmark: _Hlk56800158](-433) + (-1120.9) = -1553.9kJ mol-1


[bookmark: _Hlk56800196]-4618.41- -1553.9=-3064.51 kJ mol-1 heat of combustion
-3064.51+2.38= -3062.13 kJ mol-1 heat of explosion


[bookmark: _Toc58614238]Heat Release for FOX-7

	Chemical
	Heat of formation

	FOX-7
	218kJ mol-1    [41]



	Carbon Monoxide
	-110.5 kJ mol-1        [43]

	Water (gas)
	-241.8 kJ mol-1        [43]


[bookmark: _Toc58585484][bookmark: _Toc58615824]Figure 8- table showing the heats of formation for chemicals involved in the explosion of FOX-7


C2H4N4O4= 2CO + 2H2O + 2 N2 
Energy RHS
2(-110.5)+2(-241.8)+0=-704.6kJ mol-1    



Energy LHS                                                                 
218kJ mol-1    


-704.6-218=-922.6kJ mol-1 heat release.
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