
Lead azide - Primary
In 1891, Theodor Curtius first prepared lead azide from a mixture of lead acetate and either sodium, or ammonium, azide [1]. Just 2 years later, all research into lead azide was promptly stopped by the Prussian government after it caused an explosion in a factory that was researching its use in detonators [2]. In 1907 Wohler resurrected this research, but Hyronimus first obtained a patent for use of lead azide in the explosives industry, leading it to supplant mercury fulminate as the primary explosive used in detonators due to their ability in setting off high explosives; the mass production of which did not begin until post WW1. The chemical is extremely sensitive to external stimulation and as such is an incredibly troublesome military explosive. It has unmatched and desirable characteristic, such as its thermal stability, rapid detonation, cost, and ease of synthesis. A full list of its properties is summed up in the table below [Table 1].
	
	Lead Azide

	Frictional Sensitivity (N)
	0.3-1

	Impact Sensitivity (J)
	0.5-4

	ESD Sensitivity (mJ)
	6-12

	Velocity of detonation (m/s)
	5180 (at 4g/cm3)

	TNTe
	0.16-0.34

	Oxygen Balance
	-5.9

	Colour
	Colourless – white 

	Molecular Weight
	291.24

	Decomposition Temperature (°C)
	190

	Boiling Point (°C)
	350

	Thermal Ignition (°C) 
	327-360

	Enthalpy of formation (kJ/Mol)
	+468.61

	Energy formation (kJ/Mol)
	+476.06

	Heat of Explosion (kJ/Kg)
	1610.4

	Heat of Detonation (kJ/Mol)
	-469

	Gas Volume (dm3/kg)
	218

	Power index
	12.8


[Table 1]: The chemical properties discussed for lead azide, the majority of which was compiled by Akhvan.
Lead azide is stable in very dry and cool conditions, but deteriorates rapidly in the presence of ammonia, water, or oxidising agents [1]. It has a neutral but still negative oxygen balance at -5.9, with its explosion products producing only nitrogen and lead vapour [3]. Its explosive properties are poor for a primary explosive, with its TNT equivalence between 0.16-0.34, or 0.06-0.35 depending on the source [4]. The difference in which will come down to grain sizes and equipment sensitivity. The velocity of its detonation is around 5180m/s (at 4 g/cm3), or 4630 (at 3 g/cm3) [5]. Its melting point is also between 320-360°C.The most desirable properties of lead azide for detonator applications are its almost instantaneous detonation (even when used in sub millimetre quantities) and its unparalleled ability to induce detonation in secondary explosives. Maytas also shows, in Primary Explosives, that the weight of lead azide needed to detonate PETN remains the same for varying blast cap materials [Figure 1], suggesting that its blast wave sustains its power, intensity, and transfers that with great efficiency.
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[Figure 1]: Work done by Maytas, showing the influence of the reinforcing cap material on initiation of PETN from primary explosives with a 50% probability.
 One of the biggest drawbacks of lead azide is its degradation in ambient conditions, where it produces hydrazoic acid. This acid reacts to metal surfaces such as copper or brass and cause premature explosions or misfires [6]. The degradation itself also poses a risk in terms of producing an explosive that has not been assessed (out of specification) and therefore has unknown properties. Handling of such material, nevertheless using it for an application, would be deemed unsafe and unwise.
The impact sensitivity of lead azide is bound to be between 4-0.5 joules. The tests done by various authors are non-synchronous as the test conditions used for each experiment varies; this will be things such as particle shape and size, allotrope type, purity, shape, and surface area of impact, and more. As an example, Bowden investigated the impact sensitivity of lead azide and varied it by particle size, showing that it got exponentially more sensitive the smaller the crystals were [7] [Figure 2]
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[Figure 2]: Work done by Bowden, found in Maytas Primary explosives, showing the inverse relationship between crystal size and impact energy.
.  The Frictional sensitivity for lead azide is extreme, only second behind silver azide for primary explosives. Work done by Walbaum agrees with the tests performed by Maytas and Meyer [8] which can be seen in [Figure 3].
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[Figure 3]: Frictional sensitivity test by Meyer and Maytas, showing the 50% probability of initiation. 

It provides a frictional sensitivity of 0.3-1N. Electrostatic sensitivity of lead azide was done by Rathsburg and Schmitz where they found lead azides charge sensitivity to be comparable to that of nitrosoguanidine [9]. They showed that lead azide at 35-50% humidity with a contact area of 200cm2 has a maximum charge quantity (before detonation) of 0.2µ, 0.25µ, 0.3µ and 0.34µ at 50g, 100g, 300g and 500g quantities. There have been other experiments such as that from Majzlik J and Strnad J, showing a maximum of 6-12mJ (no stated conditions). The work surrounding primary explosives friction sensitivity remains relatively unexplored to this day.
Research by Walker [10] suggests that the standard tests act more to simulate than to discern any real mechanism and proposes standardisations for tests done on azides. 
TNT - Secondary
TNT can exist as six different isomers, but the one commonly used in the explosives industry is isomer 2,4,6-trinitrotoluene. Pelletier and Walter first prepared a precursor solution known as toluene in 1837, with its first nitration taking place in 1841 [1]. Wilbrand then prepared TNT in 1863, with the 2-4-6 polymer first synthesised by Hepp in 1880. Its structure was then later studied by Claus and Becker in 1883 and later manufactured in Germany for use starting in 1891 [11].
TNT is widely desirable due to its blasting effects. It is safe to handle due to its low sensitivity (Figure of Insensitiveness >50, 152) and is cheap to manufacture as it can be cast or pressed (although its vapours are toxic). It also has remarkably high explosive power and a good compatibility with other explosives. The velocity of its detonation varies with its density. The below table [Table 2] shows the main properties of TNT as well as a few different velocities at different densities and manufacturing methods, up to the largest found value of 8600m/s at a density of 1.77g/cm3.
When set, TNT readily forms large crystals on solidification, the 2-4-6 isomer has large yellow needle shapes. Upon cooling, the crystals nucleate at the cooler edges (heat loss) and grow towards the centre, producing directional patterns [12]. Sadly, this causes a weakness in its structure where cracks are more readily able to form. Furthermore, TNT degrades when exposed to light and undergoes autocatalytic thermal decomposition, producing eutectics which travel through its filling and exude towards any open surface. These eutectics can have wildly different properties than TNT, such as a detonation velocity of 8000m/s and a density of over 1.8/cm3 [13]. Also, due to TNT’s large negative oxygen balance, it produces a large amount of soot when detonated.
	
	TNT

	Velocity of detonation (m/s)
(pressed at 1.55g/cm3) [14]
(pressed at 1.6g/cm3)
(pressed at 1.625g/cm3) [15]
(pressed at 1.77 g/cm3) (16)
	
6716
6825
6950
8600

	Velocity of detonation (m/s)
(cast at 1.605g/cm3)
(cast at 1.620g/cm3) [15]
	
6430
6880

	Frictional sensitivity (N) [14]
	Greater than 360N on friction test (insensitive)

	Figure of Insensitiveness
	152 (>50 highlights a secondary explosive)

	Figure of Friction
	5.8 (rotary friction machine)

	TNTe 
	1

	Oxygen Balance
	-73.9

	Colour
	Pale yellow

	Molecular Weight
	227.133

	Decomposition Temperature (°C)
	80.7

	Boiling Point (°C)
	345-373

	Thermal Ignition (°C)
	240

	Enthalpy of formation (kJ/Mol)
	-62.07

	Energy formation (kJ/Mol)
	-45.44

	Heat of Explosion (kJ/Kg)
	4091.6

	Heat of Detonation (KJ/Mol)
	-929.34

	Gas Volume (dm3/kg
	739.7

	Power index
	110.3


Table 2: The chemical properties discussed for TNT, the majority of which was compiled by Akhavan.

Critical Diameter
The critical diameter is defined as the minimum diameter of an explosive required for detonation. Below this value, the detonation velocity decreases and the reaction will either deflagrate or just fail entirely. The confinement of an explosive will decrease the critical diameter value as the pressure is now allowed to build up against the wall of the confinement, providing a greater pressure wave with less energy loss to the surroundings. This is analogous to kicking a ball in an open field or kicking a ball in a confined alleyway. Importantly, this means that materials can now be used in varying sizes to prevent, or make sure of, detonation. Transporting materials unconfined and in smaller quantities would help prevent accidental detonation. This is also useful for OME designers as it provides the exact amount of explosive material needed for a cost or weight sensitive design. Any wider of a shape and it becomes redundant, and any smaller and it will not go off. The density of the material also affects the critical diameter with an inverse relationship. This is because the material now has less medium to propagate through, so a smaller density needs more explosive material to provide enough energy to detonate. Eventually, this will lead to such a low density, that the critical diameter is now absurdly high – with this phenomenon being known as its critical density. Furthermore, this means that all explosives will have varying critical diameters depending on the density of substance. Other factors that can contribute to this are heat, atmospheric pressure, moisture, particle shape, etc.
TNT in literature has multiple critical diameters depending on its initial characteristics. LLNL handbook has unconfined cast TNT as 27.43mm [17]. And another at 27mm [18]. JSP 333 shows TNT with a density of 1.61g/cm3 has a critical diameter of 7mm at just 0.2mm of confinement. Another source states a critical diameter of just 8-10mm with similar confinement [19]. In addition to this, the paper by Price specifically tested TNT with a density greater than 0.37g/cm3, which is the lowest tested density available to find. 
Lead azide has almost no data on its critical diameter, with some studies using sizes of 10μ (while confined) [21] and still achieving detonation. This suggests that the critical diameter for lead azide is not too important to consider when designing for practical applications. The usual density used for lead azide is 4.8g/cm3, as stated by Murray.
For the chosen explosives, a minimum of 0.9g of lead azide is needed to initiate the TNT [11]. Lead azide is not as sensitive to impact, ESD, or heat as other primaries such as mercury fulminate. However, lead azide is extremely sensitive to friction (0.3-1N) and therefore friction should be the chosen stimulus to initiate the primary explosive. A study by Bowden suggests that initiation by friction is thermal in origin and is due to the formation of localised hotspots. This then goes further and suggests that for primaries such as lead azide, intergranular friction is just as important [20]. It then shows a link between the melting point of the material used to provide friction (such as grit) and the effectiveness of it initiating a detonation of the explosive material. Grit with a melting point between 400-500°C is shown as an effective sensitiser, rather than any of its other properties. The explosive train will therefore use a stab detonator to function as a friction triggered initiator. This will set off the primary explosive (lead azide) and in turn the shock wave will cause the propagation of the detonation wave in the secondary explosive (TNT) [Figure 4].
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[Figure 4]: A theorised explosive chain containing lead azide and TNT with their respective values for detonation.
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Fig. 2.12 Influence of reinforcing cap material on the minimal amount of primary explosive
necessary to detonate PETN with 50% probability [24]
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Fig. 2.16 Influence of crystal size on the impact sensitivity of lead azide (50% probability) [51]




image3.png
100

Meyer [36] zzza
Matyas et al. [54] £~

T

10

(N)

Fig. 2,19 Friction sensitivity of primary explosives—comparison of our data (50% probability of
initiation from probit analysis) [54] and data from Meyer (min. one positive out of six trials) [36]
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Quantity of lead azide: 2g (>0.9¢ to initiate TNT)
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