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[bookmark: _Toc56585771]Introduction
A requirement has been presented to analyse the functionality and underlying chemistry contained within a military hand grenade. This report contains the details of the top-level functionality of the hand grenade then broken down into the individual chemical components that provide the specific function. 
[bookmark: _Toc56585772]Top Level Functionality
A common example of a full ignition train is found in the hand grenade. The British L109A1 fragmentation hand grenade is an example of this ignition train.
The main body of the grenade can be manufactured from a range of materials including plastics and metals and is the house that contains six main components. These six components are safety pin, safety clip, lever, trigger, fuse and an explosive fill. 
The purpose of these components is to provide the functionality of the grenade. The function of the grenade can be described as the following. 
1. Initiate ignition 
2. Provide time delay.
3. Initiate main explosive.
4. Cause fragmentation of casing.
While the overall function of the grenade will also consider of the safety features, for the purpose of this report there will be focus on the chemicals involved with providing these functions. 
[bookmark: _Toc56585773]Materials
For each of the four functions identified in the above section, a different chemical compound will be used to provide the desired effect. This section will break down each of the functions and compare the options along with a rational for choosing a final option for each function to be used in calculating the reactions involved within the product. 
[bookmark: _Toc56585774]Initiate Ignition
In order to begin the ignition train, a primary explosive should be used. These explosives often contain a variety of lead salts due to their high sensitivity to impact or other external forces. Depending on the construction of the grenade, this function can be performed by a primer or a fuse system. For the purpose of this report, an impact primer will be used.
Options for primary explosives are: Lead styphnate, silver azide, lead azide, and mercury fulminate.
For this report, Lead Styphnate (C6HN3O8Pb) has been chosen.
[bookmark: _Toc56585775]Provide Time Delay
There are a variety of different options for the time delay composition. The function of this composition is to allow the user of the grenade to create suitable distance between themselves and the product before initiating the main explosive. The function of this time delay is safety critical.
There are a range of options available that produce this effect, including TNC and Potassium nitrate (gassy), Boron, Silicon and potassium dichromate (gasless), Tungsten, Barium chromate and potassium perchlorate (gasless) and Chromium, barium chromate and potassium perchlorate (gasless).
The author has chosen to analyse a gassy Tetranitrocarbazole based delay composition. The composition includes Tetranitrocarbazole (C12H5N5O8) and Potassium Nitrate (KNO3). 
[bookmark: _Toc56585776]Initiate Main Explosive
In order to ignite the main explosive of the grenade system a booster explosive is required to create the correct ignition energy for the main explosive. Often, this material choice will be made after the main explosive as this composition will be chosen based on the main explosive used. 
Some example of booster compositions is: Tetryl, Rowanex 3601 and PETN, 
For this use, a PETN (C5H8N4O12) composition will be used.
[bookmark: _Toc56585777]Cause Fragmentation of Casing
The most known main fill of high explosive devices is TNT which has been manufacture at laboratory scale since 1841 [1]. Since then, a range of improvement to manufacturing, yield and performance have been made. The primary function of this composition is to cause the outer casing of the grenade to fragment into small pieces and expel them 360 degrees. 
Examples of a high explosive fill are: Trinitrotoluene (TNT), RDX, Octogen (HMX), TATB, and HNS
For the purpose of this report and RDX (C3H6N6O6) and TNT (C7H5N3O6) compound will be used as this is an extremely common modern fill.
[bookmark: _Toc56585778]Material Properties
In this section of the report, each of the 4 chemicals identified in the previous section will be analysed for their chemical and physical properties. Following this, a balanced equation will be stated using the Kistiakowsky – Wilson (K-W) rules based upon the calculated oxygen balance. 
The formula for oxygen balance is:
[bookmark: _Toc56585661]Equation 1 - Oxygen Balance Formula

Where a = Carbon atoms, b = Hydrogen atoms and d = Oxygen atoms.
All workings will be displayed in each section. 
Heat of formation values for products of combustion are found in Lange’s Handbook of Chemistry [2], while values for explosive compounds are referenced individually. 
[bookmark: _Toc56585779]Lead Styphnate 
Lead Styphnate has a molecular weight of 450g/mol. It is often described as a orange-yellow or dark brown solid material [3] and is known to have a flash point of 310-330°C [4]. 
The use of lead styphnate as a primary explosive is helped by the fact the composition is stable at room temperature and up to approximately 75°C. However, when it does begin to decompose it will break down into hazardous gasses of lead oxides and nitrogen oxides. This means that in a non-toxic product, lead styphnate would not be an optimal choice.
The oxygen balance for lead styphnate is calculated by the following expression.
[bookmark: _Toc56585662]Equation 2 - Lead styphnate oxygen balance

Oxygen balance of lead styphnate is -16%, therefore K-W rules for OB > -40% shall be used. Using these rules shows that the balanced equation for lead styphnate is:
[bookmark: _Toc56585663]Equation 3 - Balanced lead styphnate reaction

Using this equation, the heat of formations can be used to determine the heat release from this reaction. 
[bookmark: _Toc56585648]Table 1 - Lead styphnate heat of formation values
	Formula
	Heat of Formation (kJ/mol)

	C6HN3O8Pb
	-841 [1]

	CO2
	-393.51

	CO
	-110.54

	H2O
	-285.82



Using these values, a heat release can be calculated from the following expression.
[bookmark: _Toc56585664]Equation 4 - Lead styphnate heat release
 

The expression shows that the heat release from the lead styphnate reaction is -779.21 kJ/mol.
[bookmark: _Toc56585780]Delay Composition 
The delay composition that has been chosen for analysis is a mixture of Tetranitrocarbazole (TNC) (C12H5N5O8) and Potassium Nitrate (KNO3). The molecular weight of these components is 347.2 g/mol and 101.103 g/mol, respectively. 
TNC is usually found as a yellow solid product with a melting point of 290°C [1] 
Potassium Nitrate is a white or off-white solid that is soluble in water. When solitary, the compound is not combustible however when mixed with combustible materials it will aid the combustion of those materials. The melting point of this compound is 337°C [1]. 
For the purpose of this report, potassium nitrate will be assumed that it breaks down into Nitrogen dioxide (NO2) and Dipotassium oxide (K2O) and oxygen (O2) as the products of combustion. This information is assumed based on the report of decomposition products found by RJ Lewis, Sr [8]. The decomposition of this product into toxic components is likely to reduce the life of the overall product significantly. It may be that a stabiliser substance is required.
The oxygen balance for TNC is calculate below.
[bookmark: _Toc56585665]Equation 5 - TNC oxygen balance

The oxygen balance of TNC is -85.25% and therefore K-W rules for OB < -40% shall be used. Using these rules, the following balance equation can be formulated for the products of combustion when TNC and Potassium Nitrate are mixed.

Using this equation, the heat of formations can be used to determine the heat release from this reaction.


[bookmark: _Toc56585649]Table 2 - TNC and Potassium Nitrate heat of formation values
	Formula
	Heat of Formation (kJ/mol)

	C12H5N5O8
	18.82 [2]

	CO2
	-393.51

	CO
	-110.54

	H2O
	-285.82

	KNO3
	-492.71

	K2O
	-363.17

	NO2
	33.18



[bookmark: _Toc56585666]Equation 6 - TNC and Potassium Nitrate heat release
 

The expression shows that the heat release from the TNC and Potassium Nitrate reaction is -1305.46 kJ/mol.
[bookmark: _Toc56585781]Main Explosive Iniator
The chosen compound for the initiator, or booster, is Pentaerythritol tetranitrate commonly known as PETN (C5H8N4O12). PETN is commonly used in a variety of products as a booster component. This composition has a molecular weight of 316.14g/mol. 
PETN is often seen to appear as white crystals with a melting point of 138-140°C. The compound is known to be sensitive to shock and heat, particularly when dry and has been seen to detonate at 210°C [8].
The oxygen balance for PETN is calculated below.
[bookmark: _Toc56585667]Equation 7 - PETN oxygen balance

The oxygen balance of PETN is -10.12% and therefore K-W rules for OB > -40% shall be used. Using these rules, the following balance equation can be formulated for the products of combustion when PETN is burned.
[bookmark: _Toc56585668]Equation 8 - PETN balanced equation

Using this equation, the heat of formations can be used to determine the heat release from this reaction. 
[bookmark: _Toc56585650]Table 3 - PETN heat of formation values
	Formula
	Heat of Formation (kJ/mol)

	C5H8N4O12
	-538.5 [9]

	CO2
	-393.51

	CO
	-110.54

	H2O
	-285.82


[bookmark: _Toc56585669]Equation 9 - PETN heat release



The expression shows that the heat release from the PETN reaction is -2006.39kJ/mol.
[bookmark: _Toc56585782]Main Explosive
A commonly used main fill for many high explosive devices is a mix of RDX (C3H6N6O6) and TNT (C7H5N3O6). TNT has a molecular weight of 227.13 g/mol and appears as a colourless to yellow solid with a low melting point of 80.1°C [10]. Meanwhile, RDX has a molecular weight of 222.12 g/mol. RDX is a white crystal powder with a high melting point of 205.5°C [11]. 
The oxygen balance for TNT is calculated below.
[bookmark: _Toc56585670]Equation 10 - TNT oxygen balance

The oxygen balance of TNT is -73.96% and therefore K-W rules for OB < -40% shall be used. 
The oxygen balance for RDX is calculated below.
[bookmark: _Toc56585671]Equation 11 - RDX oxygen balance

The oxygen balance of RDX is -21.13% and therefore K-W rules for OB > -40% shall be used. Using these rules, the following balance equation can be formulated for the products of combustion when TNT and RDX is burned.
[bookmark: _Toc56585672]Equation 12 - RDX and TNT balanced equation

Using this equation, the heat of formations can be used to determine the heat release from this reaction. 
[bookmark: _Toc56585651]Table 4 - RDX and TNT heat of formation values
	Formula
	Heat of Formation (kJ/mol)

	C3H6N6O6
	83.8 [12]

	C7H5N3O6
	-63.2 [13]

	CO2
	-393.51

	CO
	-110.54

	H2O
	-285.82


[bookmark: _Toc56585673]Equation 13 - RDX and TNT heat release



The expression shows that the heat release from the RDX and TNT reaction is -3434.56kJ/mol.


[bookmark: _Toc56585783]Manufacturing
Each of the 4 compounds used in the function of the product will have a different manufacturing method, both to form the compound and to complete the final product. This section of the report will give an overview of the manufacturing methods likely to be used and any critical features that must be controlled in order to avoid function or safety issues. 
[bookmark: _Toc56585784]Lead Styphnate
Lead styphnate is manufactured by combining lead nitrate and magnesium styphnate. This process results in a compound that is stable at room and elevated temperatures. While these properties may indicate that lead styphnate is safe to handle, this is incorrect. The compound is extremely sensitive to static discharge and direct naked flame. 
Due to the compound containing high levels of metal, J. Akhavan states that lead styphnate is a weak primary explosive [14]. For this reason, it is primarily used in ignition caps and detonators. When manufacturing into the ignition caps, it is essential that the compound level within the cap, any unevenness of the compound can cause delays in ignition or misfires due to ignition impact not making sufficient contact with the explosive compound. 
[bookmark: _Toc56585785]TNC
It is understood from a U.S. Army research report that TNC is synthesised using a mixed acid system of nitric and sulphuric acid [16]. The carbazole is then added sulfuric acid until fully “sulfonated”. Once this process is complete, nitric acid is introduced to replace the sulfonate groups with nitro groups, resulting in trinitrocarbazole. 
The critical function of this compound is the ability to provide a delay in the reaction between initiation and main explosive fill detonation. For this reason, the yield and purity of the TNC produced with this method must be consistent, in order to result in a reliable delay timer. To control this, measurements of heating, and ratios between acids must be taken in order to produce consistent results.
[bookmark: _Toc56585786]PETN
PETN is rarely used in its pure form due to its sensitivity. Therefore, it will usually be found to be mixed with polymer bonded explosives (PBX’s). The most critical feature of this product is its ability to initiate the main explosive. Therefore, it is critical that composition of PETN and PBX is carefully controlled to ensure that the energy release from composition is enough to carry on the ignition train into the RDX and TNT main explosive. 
PETN can be manufacturing using a variety of methods, however a method similar to that explained in TNC is usually preferred. Where only nitric acid is used to avoid to potential sulfonated by-products [17].
[bookmark: _Toc56585787]RDX and TNT
One of the primary reasons RDX is mixed with TNT is the enhance the manufacturability of the compound. Due to the high melting point of RDX, manufacture into the product by pouring is difficult to achieve, however by mixing the compound with TNT the melting point is reduced in order to allow the mixture to be poured into the product. 
The process of manufacturing RDX is done through the nitration of hexamine. Hexamine is fed through a constant weight feeder that is controlled to match that of the nitric acid feed [18]. This is then into a cooling coil with mixing blades in order to control the reaction of the hexamine and nitric acid. Following this, the mixture is passed into a diluter in order to quench and dilute the mixture before being cooled down. Surface acid is them remove by a series of filters, where RDX does not get filtered and continues the process for milling or recrystallisation. 
Important control measures to consider in this manufacturing process is the crystal sizes of RDX and the filling on the product with the RDX/TNT mixtures. RDX/TNT mixtures are brittle and contract when cooled, which can result in air gaps in the mixture known to cause unintended ignition due to the air becoming heated during use.
[bookmark: _Toc56585788]Conclusion
Overall, while the chemicals chosen in this report may not be the ideal compounds for the complete product, they are able to perform their individual functions. For example, the delay composition will be contained within the shell of the grenade and therefore would ideally be a gasless composition to avoid any pressure build-up. In this case, the TNC compound chosen would not be suitable. 
It can also be noted that all the reactions that take place within the system are exothermic. This should be considered when chosen the compounds based on their activation energies to ensure each compound will continue the ignition train but not a step within the train. The primary explosive begins at -779.21kJ/mol finishing with -3434.56kJ/mol for the main explosive, steadily increasing in energy at each step with -1305.46kJ/mol and -2006.39kJ/mol in between. 
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	Abbreviation
	Description 

	kJ/mol
	Kila joule per mole

	PETN
	Pentaerythritol tetranitrate

	RDX
	Cyclotrimethylenetrinitramine

	TNC
	Tetranitrocarbazole

	TNT
	Trinitrotoluene

	U.S. 
	United States
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