Chemistry Assignment

Abstract:
This report details the construction of a US M67 hand grenade and explores the chemical make-up of its components, and how this allows it to perform its function.
Introduction:
This report aims to provide an understanding of an energetic device from a chemistry perspective, however at times other properties and phenomena will be explained for context. The device this report is concerned with is a military hand grenade and, detailed below, you will find an explanation for the functionality of the device and how this is achieved through the chemistry of its components. The report aims to provide a general understanding of the chemistry of grenades. However, the example of the M67 US hand grenade has been chosen to help illustrate the points made.
Methodology:
Research has been carried out as part of this report to collate and relay the chemical workings of a military hand grenade to better understand the functioning of such a device from a chemistry point of view. As well as understand the design considerations that might need to be taken into account when looking at the interaction the component parts and materials, in addition to their methods of manufacture.
The research has been tailored to answer several key questions:
· What is the explosives train for a grenade from its initiation to the main effect?
· What materials are used in a grenade to achieve a successful explosives train, from its initiation to its main effect and what are their properties?
· What are the chemical reactions and methods of energy release that occur when a grenade functions?
· What considerations must be made when dealing with performance, compatibility, and lifecycle in terms of material choice?
· What processes can be suggested for creating the energetic components of a grenade, and how can critical features be controlled during the manufacturing stage?
The responses to these questions can be found in the findings section below, where the cited research has been concisely compiled. Further analysis of these findings can be found in the discussion section. 
In addition to this research, a supplementary collation of chemical and physical properties has been created to aid in understanding, this can be found in Annex A. also, calculations have been made to explore some elements of the chemistry of a grenade such as oxygen balance and heat release from different explosives. This work has been compiled and can be found in Annex B.

Findings:
Before delving into the questions outlined in the methodology, the definition of a hand-grenade should be established. The Encyclopaedia Britannica provides the following information: 
“Grenades were developed for use in the 15th century” and “are small explosive, chemical or gas bombs” – indicating the variety in effects that can be produced with different grenades. Further to this it explains that a common grenade consists of a “high explosive which is encased in a metal container and uses a delay fuse to allow for the grenade to be safely thrown before functioning, but not allowing time for the grenade to be thrown back”, as well as explaining that fragmentation effects are possible through the design features of the grenade case. [1]
There are many different grenades in existence, but as stated before this report will use the US M67 grenade as an example to illustrate the answers to those questions posed in the methodology section.
The US M67 grenade consists of:
· A spherical case lined with a notched fragmentation wire coil
· Safety pin and potentially a safety clip
· Striker lever
· Spring-loaded striker pin
· An M213 fuze assembly
· The main charge
[2]
Photo
The M213 fuze assembly can be further sub-divided into the following componenets:
· An M42 Percussion Primer
· A pyrotechnic delay composition
· A C70 detonator
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Figure 1 - M213 Fuze assembly [2]
What is the explosives train for a grenade from its initiation to its main effect?
To answer this question some context shall be given regarding explosive trains. An explosive train is an assembly of energetic materials/components that magnify the energy outputs from the initial input all the way through to the final output. In the case of a grenade, this final explosive output would consist of the detonation of the main charge. [3]
For a grenade to function there are several steps that must occur before the explosives train is initiated.
The safety pin of the grenade must be removed, and when the grenade is thrown, the striker lever will fly away allowing the spring-loaded striker pin to project the striker into the primer cap situated at the top of the M213 fuze – it should be noted that several energy changes have happened in this short space of time. Stored mechanical energy in the spring is converted into the kinetic energy of the striker, and this kinetic energy is used to release the chemical energy within the primer cap. From this point, the explosives train is initiated. [4] 
The primer cap is initiated by the striker and will release heat and slag, providing sufficient energy to ignite a pyrotechnic delay composition also situated in the M213 fuze. This then burns between 4.5 – 5 seconds before reaching the C70 detonator which forms the end of the M213 fuze assembly. This detonator then initiates the main charge. And so, the explosive train for the M67 grenade can be broken down thusly [2]: 
· Primer cap initiation – output energy to delay comp
· Pyrotechnic delay composition – takes output energy from primer cap as input energy to provide reliable time delay through progressive burning along the length of composition
· Detonator – takes heat output from time delay as input and amplifies this using several explosives to produce a detonation output 
· Main charge – takes detonation output from detonator to initiate main charge
The main charge is situated at the end of the train and has the greatest energy output. It will detonate upon initiation via the C70 detonator to produce the main effects of the grenade – blast damage from the shockwave caused by a high explosive detonation and fragmentation damage from high velocity fragments. The fragments being formed from the notched coil and case of the grenade being projected out by the force of the explosion. 
What are the materials used in a grenade to create a successful explosive train?
In order to understand how the above explosive train is achieved we must look at the materials and ingredients used at each stage which have been selected to ensure the main effect is delivered.  Detailed in this report is an overview of the materials chosen and the reasons why with the example of Lead Styphnate, but for detailed information on each component material see Appendix A.
The primer cap contains the following mixture of ingredients:
· Lead Styphnate
· Tetrazene
· Barium Nitrate
· Antimony Sulphate
· Aluminium
Lead Styphnate is the primary explosive that kick-starts the explosive train and has the following properties:
	Lead Styphnate:
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Figure 2- Lead Styphante Structure

	Chemical Properties
	Physical Properties
	Explosive Properties

	Molecular Mass
	468.3
	Appearance
	Orange-yellow to dark brown crystals
	Velocity of detonation
	5200 m/s (at density = 2.9 g/cm3)

	Enthalpy of formation
	-1786.9 kJ/kg
	Density
	3 g/cm3
	Notes
	Lead Styphnate is sensitive to initiation by flame and spark.

	Nitrogen Content
	8.97%
	Solubility
	Praactically insoluble in water, sparingly soluble in acetone
	
	

	Oxygen balance
	-18.8%
	State
	Crystalline solid
	
	



However, although Lead Styphnate could theoretically be used alone, to ensure reliable initiation tetrazene is used to sensitise the styphnate with regards to impact to ensure more reliable initiation. The other materials in the primer cap are there to produce more heat and slag ensuring a better ignition of the pyrotechnic composition. [2]
The delay composition contains the following ingredients:
· Zirconium-Nickel alloy
· BaCr04
· KClO4
The Zr-Ni alloy is the fuel in this pyrotechnic composition and the BaCO4 and KClO4 act as oxidisers during combustion. You can vary the amounts of the ingredients to achieve different effects of pyrotechnic compositions. In this case, controlling the burn rate through the percentages of the ingredients is a critical feature. [6]
The C70 detonator is comprised of:
· Lead Styphnate
· Lead Azide
· RDX
The lead styphnate is initiated from the heat of the delay composition and, in turn, initiates the Lead Azide, followed by the RDX. At each step in the detonator the energy output is magnified and the shock from the detonator will initiate the main fill of the grenade. [2]
The main fill of the grenade is made up of Composition B which is a military high explosive mix composed of RDX and TNT. [7]
Surrounding the main fill of the explosive is the grenade casing and the notched wire. The physical properties of this material must taken into consideration in order to provide the main effect of fragmentation when the grenade functions. 
What are the chemical reactions and methods of energy release that occur when a grenade functions?
As discussed in the previous section, before any chemical reactions take place, kinetic energy provides the input which initiates the primary explosives in the primer cap. This kinetic energy is transferred to the striker from the energy stored in in the compressed spring which is held in place by the striker lever. 
The two primary explosives in the primer cap are Tetrazene and Lead Styphnate. The reactions for these two explosives decomposing are as follows:
Lead Styphnate - 2C6H3N3O9Pb(s) → 2PbO(s) + 11CO(g) + CO2(g) + 3H2O(g) + 3N2(g)
Tetrazene - C2H8N10O(s) → H2O(g) + 2C(s) + 5N2(g) + 3H2(g)

The other ingredients in the primer cap are there to provide more heat and slag to smoothly ignite the pyrotechnic composition that follows in the fuze construction. The Barium Nitrate acts as an oxidiser whilst the Aluminium and the Antimony trisulphide are the fuel.  
Within the Pyrotechnic delay a deflagration reaction will occur. The Zirconium-nickel allow will act as the fuel, with the Barium Chromate and the Potassium perchlorate acting as oxidisers. Example reactions within this train could include:
Zirconium with Potassium Perchlorate - 2Zr(s) + KClO4(s) → 2ZrO2(s) + KCl(s)
Nickel with Barium Chromate - 2Ni(s) + BaCrO4(s) → 2NiO(s) + BaO(s) + CrO(s)

Within the detonator the primary explosive Lead Styphnate will be initiated by the heat from the pyrotechnic delay. This will then initiate the lead azide causing it to decompose. Followed by the RDX. See below:

Lead Azide - PbN6(s) → Pb(s) + 3N2(g)
RDX - C3H6N6O6(s) → 3CO(g) + 3H2O(g) + 3N2(g)

Finally, the shockwave from the detonator will initiate the main charge composed of composition B or TNT and RDX. See below the equation for TNT decomposition: 

TNT - 2C7H5N3O6(s) → 5H2O(g) + 7CO(g) + 3N2(g) +7C(s)

In all these reactions energy is released through heat. Also, energy is expelled from the system in the form of the kinetic energy of expanding gasses as they evolve from the reactions taking place, and kinetic energy of pieces of the grenade casings as it bursts apart and forms fragmentation. For further detail on explosive reactions, see Appendix B.
What considerations must be made when dealing with performance, compatibility, and lifecycle from a materials choice perspective?
When looking at an energetic article it is important to consider the material properties of the ingredients to ensure that they are compatible with one another and the environments they may find themselves in. This is to ensure that they can be stored safely and will function reliably on demand. 
Performance features:
Performance requirements arise from the required purpose of the different components. For example, your primer cap must output enough heat to set off the pyrotechnic delay comp, the features to achieve this performance are the holes in the cap to allow hot slag to pass through into the pyrotechnic delay and the choice of explosives, fuels and oxidisers to achieve enough heat energy to reliably ignite the pyrotechnic delay. [3] Another example might be the requirement for the detonator being able to initiate the main charge, and so it must produce a forceful enough shockwave to initiate the main fill.
What might be more complex is when looking at achieving main effects. For the example of a grenade, properties like brisance are good indicators on how your main charge might shatter or burst apart the grenade casing to form fragments. You may also want to alter this explosive power in order to produce fragments of certain sizes etc. Additionally, you have to take into account the material properties of the case, such as its ductility and metallurgical properties that might effect fragment performance. [3] 
From a safety perspective you want to ensure that the user is not at risk when the grenade function For example, the gammon bomb (a ww2 grenade) could not be thrown unless from cover when the maximum charge was in use. [4]
Compatibility features:
The materials used in the article must be compatible with themselves and the environment they are anticipated to be in. This means that explosive ingredients in the detonator should not react with one another or with the device casing as this could affect performance or safety of the device. For example, lead azide will react with copper in the presence of moisture to form the extremely sensitive Copper Azide. [5]
Lifecycle:
The lifecyle features of a grenade are important to consider, for example, if the grenade is not used and is left in storage for a long period of time will it start to degrade? The different component parts may have different “shelf lives” before they are considered unsafe or unreliable to use. In a device such as a grenade, all components must be in good condition and able to function as required. So if one component if no longer deemed adequate it would either have to be replaced or the grenade must be disposed of. Some of the components in the M67 contain explosives which incorporate lead as an ingredient. Lead is toxic and so poses a threat to the environment and humans if not properly disposed of. [6]
What processes can be used for creating the energetic substances for a grenade and how can critical features be controlled during these manufacturing stages?
All the different explosive substances mentioned in this report will have their own unique methods of manufacturing depending on the chemical properties of the ingredients and the reactions routes that take place. They will also have their own unique critical control features that must be attended to during formation. We shall take a look at a couple of examples for manufacturing methods to illustrate these points. But first, we shall explore some common control features in creating explosives, those that surround crystal growth.
Explosives are usually precipitated out of a solution and therefore undergo crystallisation as they form. Crystallisation has some common rules that can be applied to it, and when it comes to explosives there are some general desired features. For example smaller crystals are usually favoured as they tend to be less sensitive. This is because they can pack better reducing the chance of collapsible voids which may form hotspots. [7] Smaller crystals are usually achieved through faster crystallisation rather than slow crystal growth. And when forming a substance from melt growth, rapid cooling will usually lead to finer crystal sizes. There are many other properties that are controlled when creating explosives in addition to crystal size. These include things such as having a good flow rate for filling articles, or the use of phlegmatizers to desensitise the explosive particles. [8] 
Detailed in Table 2 are the synthesis methods and control features for Lead Styphnate, Lead Azide and RDX as examples, however notes on the manufacture of all explosive materials in the M67 grenade can be found in Annex A :
 
	Explosive
	Manufacture Method
	Control Features 

	Lead Styphnate
	Lead Styphnate can be produced in either a normal or basic from depending on the synthesis conditions. Normal lead styphnate is produced by precipitation with a solution of lead nitrate from a solution of magnesium trinitroresorcinate. 
The reaction sequence for this is as follows:
1. (NO2)3C6H(OH)2 + MgO → (NO2)3C6H(O)2Mg + H2O
2. (NO2)3C6H(O)2Mg + Pb(NO3)2 → (NO2)3C6H(O)2Pb + Mg(NO3)2
This is how normal lead styphnate is formed, basic lead styphnate can be formed by the following reaction: 
1. (NO2)3C6H(OH)2 + 2MgO → (NO2)3C6H(OMgOH)2
2. (NO2)3C6H(OMgOH)2 + 2Pb(NO3)2 → NO2)3C6H(OPbOH)2 + 2Mg(NO3)2 

	The features of the styphnate crystals such as their shape and size can be controlled by the inclusion of colloidal lead styphnate or lead azide as “seed crystals” to regulate crystal growth. Additionally, carboxymethylcellulose can be used as a crystal habit additive which can improve the flow qualities of lead styphnate. This is important as it is usually gravity fed into filling explosive articles.

	Lead Azide
	Prepared by reacting aqueous solutions of sodium azide (NaN3(aq)) with lead nitrate (Pb(NO3)2(aq)). The Lead azide is then precipitated from the solution.

	As the method for initiation of lead azide is thought to be the fracture of the thin needle-like crystals, the crystal length is kept as short as possible during precipitation. To control this critical feature of crystal length, growth inhibitors of dextrin or polyvinyl alcohol are introduced which reduce the maximum length of the azide crystals. Therefore, reducing the sensitivity of the product

	RDX
	RDX can be created using either the Woolwich process or the Bachmann process. The Woolwich process involves the direct nitration of hexamine using nitric acid to produce RDX. See the below equation for this:
N4(CH2)6 + 6HNO3 → (CH2)3(NNO2)3 + 3CO2 + 2N2 + 6H2O
This process results in a yield of 70-75% of RDX and the final product is relatively pure.

In contrast the Bachmann process takes hexamine and reacts it with ammonium nitrate and nitric acid in the presence of acetic anhydride:
N4(CH2)6 + 4HNO3 +2NH4O3 + 6(CH3CO)2O → 2(CH2)3(NNO2)3 +12CH3COOH
The Bachmann process produces a lower yield of RDX (around 70%) and contains between an 8-12% impurity content of HMX, a more powerful explosive which also increases the shock sensitivity of RDX. RDX with a % content of HMX of <5% is referred to as Type 1., Whereas RDX with HMX content up to 17% is referred to as Type 2. Woolwich process RDX is usually Type 1, whereas Bachmann process RDX is usually Type 2.

	After RDX is produced it is purified to remove contaminants formed during synthesis. This is done by recrystallisation of RDX out of a saturated acetone or cyclohexanone solution. Crystal quality is a critical feature to control when the crystals are growing, as a result, stagnant solutions are used, as stirred solutions have been shown to produce lower quality, and therefore, more sensitive crystals.



Discussion 
The M67 contains all of the chemical components required to produce a fully functional military explosive device. However as discussed in the lifecycle section, there are many improvements that could be made to the design. For instance, research is ongoing in assessing suitable lead-free replacement explosives. [9] Additionally, the Composition B main filling of the M67 does not meet insensitive munition (IM) standards [9], and so an alternative filling could be found to further increase the safety of the deice. Just because the current chemistry of the components allows the M67 to function adequately as a grenade, does not mean that it can still be improved upon as a design. 

Conclusion
A military hand grenade is comprised of many different materials, the chemical make-up of which can provide the successful main effect of causing fragmentation damage. This is achieved through the successful design and material choice of an adequate explosive train to take an initial input energy from a mechanical striker all the way through to the detonation of the main charge. The explosive elements have complex chemistries of their own, and it is important to understand the purpose and properties of each one in order to truly understand how a grenade functions.    
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