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ABSTRACT

Explosives are used to achieve certain functions in diverse environments, including mining,
civil construction, military operations, and demolition. Irrespective of the application, the basic
principle of augmentation of energy applies. Energy in the form of heat and shock is released
by an initiator. This energy is taken up by an intermediary charge, which in turn propagates
to the main explosive charge. Ultimately the energy released from the main explosive charge
performs the functions. Initiating systems make use of this exact principle within their own
boundaries of confinement. The rate at which this energy transfer takes place as well as the
magnitude of augmentation is to a great extent influenced by parameters such as the type of
confinement, chemical composition and density of the explosives, as well as other

environmental conditions.

Traditionally lead azide has been used as the primary explosive component in an initiating
system. Pressure from international environmental agencies has discouraged the use of
heavy metals in commercial products. Nano-porous silicon has been used together with an
oxidiser to form an explosive mixture. The literature has shown that nano-porous silicon-
based explosive formulations are sensitive enough to pick up from the energy released by
the pyrotechnic composition. The reaction of such nano-porous silicon explosive
compositions changes from a deflagration to a detonation. However, their ability to initiate the
base charge of an initiating system has not yet been demonstrated. A nano-porous
silicon/nitriminotetrazole-based explosive system was developed and characterised. A
relative reactivity concept was developed and successfully used to further characterise the
new nano-porous silicon explosive. The lead azide primary explosive replacement has been
shown to be sensitive enough to pick up from the heat output generated by the delay

composition and strong enough to reliably initiate the base charge explosive.

The performance of the base charge explosive is primarily a function of its density and the
confinement it is used in. An explosive system was developed whereby the base explosive
was coated with a polymer to give it compressible characteristics. A ballistic ball indentation
evaluation method was developed and effectively applied to characterise explosive
performance behaviour under various conditions, including density and confinement.
Explosive pellets, pressed separately and at a higher density, have been shown to increase

performance compared with explosives consolidated inside an aluminium casing.

Global initiatives require from the manufacturer or end user to track and trace initiating
systems throughout their complete lifecycle. Radio frequency identification (RFID) has been
identified as the system of choice to provide such track and trace capability. One of the

biggest shortcomings of radio frequency systems is the ease with which the system can be



isolated or shielded, preventing the tag from communicating with a reader or programmer.
Metallic environments contribute significantly to such conditions when using radio frequency
systems. Hence, conventional metallic detonator casings prohibit tracking and tracing of the

system.

Moving away from metallic confinement may compromise the detonation properties of
initiating systems. A polymeric initiator casing was shown to be feasible by evaluating various
polymers, using plate dent tests. Plate dent test results were interpreted by introducing an
equation to determine detonation velocity from the explosive charge height and indentation
diameter. The explosive reaction zone thickness was determined using explosive column
height and applied in an adapted equation. The adapted equation was used to demonstrate
the influence of casing mass on the reaction velocity of explosives utilised in a thin walled or

in weak confinement.

Maximising explosive energy transfer was achieved by focusing the shock wave. This was
demonstrated by encapsulating the secondary explosive base charge in a polymeric ribbed
body. Optimal design of the shape was demonstrated experimentally and explained

theoretically.

This study described the development of a non-metallic initiating system in its totality. The
study concluded by demonstrating the modular design concept of the non-metallic, lead-free,

initiating system with a track and trace capability.
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GLOSSARY

Definition/Explanation

Alchemy is an ancient tradition, the primary objective of which was
the creation of the mythical ‘philosopher's stone’, which was said to
be capable of turning base metals into gold or silver

Booster explosives are those components of the explosive train that
function to transmit and augment the force and flame from the
initiating explosive. They ensure the reliable initiation of the

secondary explosive charge

In a deflagration reaction, the decomposition of the explosive
material is propagated by a flame front, which moves slowly through

the explosive material in contrast to detonation

A triggering sequence, also called an explosive train, is a sequence

of events that culminates in the detonation of explosives

This term is used to describe an explosive phenomenon whereby
the decomposition reaction is propagated by the explosive shock
wave traversing through the explosive material. The shock front is
capable of passing through the high explosive material at great
speeds, typically thousands of meters per second

A detonator is a device used to trigger or initiate an explosive or

explosive device. It is usually the first part in the detonation train

An explosion is a rapid increase in volume and release of energy in
an extreme manner, usually with the generation of high
temperatures and the release of gases. An explosion creates a
shock wave. If the shock wave is a supersonic detonation, then the
source of the blast is called a ‘high explosive’. Subsonic shock
waves are created by low explosives through the slower burning

process known as deflagration

Any substance or device that can be made to produce a volume of

rapidly expanding gas in an extremely brief period
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A primary explosive is an explosive that is sensitive to stimuli such

as impact, friction, heat, or electrostatic sources of initiation

A propellant is a material that produces pressurised gas that is

utilised to achieve propulsion of a solid body

Pyrotechnics is the science of using materials capable of undergoing
self-contained and self-sustained exothermic chemical reactions for

the production of heat, light, gas, smoke, and/or sound

Sodium nitrate

Secondary explosives are explosives that are comparatively
insensitive to stimuli such as heat, friction, and shock. They are

mostly classified as high explosives, and are generally detonated

with a primary explosive
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CHAPTER 1

INTRODUCTION

Background

Chemicals have been used to produce heat, light, smoke, noise and motion for
thousands of years, and this use most likely originated either in China or India. The
need to produce and control this energy to fulfil a specific purpose eventually led to the
creation of the science behind explosives. Explosive materials (also energetic
materials) are materials that produce exothermic chemical reactions, generating gas

and heat in a fraction of a second.

Developments in energetic material science continued to a point where more defined
high explosives, propellants and pyrotechnics were created. Thomson Gale further
classified these as blasting agents, primary explosives, low explosives and high
explosives (Gale Encyclopedia of Science, 2001:5). Each area subsequently split into
its own specialised field of applications, namely, for military operations, mining, civil

engineering, construction and other uses.

Explosives are used to break or cause damage to their immediate surroundings, largely
in a controlled manner. Shock waves produced by the rapid expansion of gases are

one of the main causes of destruction following an explosion (Kent, 2003:116).

The total shock energy consists of energy contained in the shock front, in the
detonation driving zone and in the reaction zone. A detonation front (or shock front) is
intrinsically unstable and possesses a transient three-dimensional structure (Lee,
2008:11). Detonations with a sonic condition behind the reaction zone are called
Chapman-Jouguet (CJ) detonations. The CJ theory bypasses certain details of the
detonation structure and is accepted as a solution of to steady, one-dimensional
conservation equations. Explosives rely on many factors to perform optimally to their
intended design and/or function. Energetic materials are applied to attain a well-defined
goal. The main explosive charge is usually applied to achieve this goal; however it all
starts with the detonator and the subsequent augmentation of energy. The principle of
energy enhancement in an explosive system is referred to as the augmentation of
energy and is also known as the explosive train principle (Duguet, 2009:7). An

empirical structure of a detonation train is described in Figure 1.1.
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Figure 1.1: Empirical structure of a detonation train

An explosive detonator is an independent system that entails its own explosive train in
an enclosed environment. An explosive detonator consists of a primary explosive
charge and a secondary explosive charge. The detonator can also contain a
pyrotechnic delay element. Mercury fulminate and gunpowder were packed into a
copper cylinder, closed at one end, to develop the first detonator. This basic design is
somewhat similar to what is still in use today. Mercury fulminate, since its discovery in
the 16th century (Duguet, 2009:35), was the only initiating (or primary) explosive known
until the last decade of the nineteenth century. In 1891, Theodor Curtius first prepared
lead azide (LA) for explosive applications (Brown, 2010:187). LA eventually replaced

mercury fulminate as the primary explosive in detonators.

LA is currently the primary explosive of choice, mainly because of its sensitivity that
renders it highly susceptible to initiation when exposed to low energy levels. One of
LA’s greatest attributes is its ability to undergo a deflagration to detonation transition
(DDT) in a fairly short timeframe. The sensitivity of LA to friction is one of its biggest
disadvantages from a safety point of view. The introduction of LA into commercial
detonator manufacturing resulted in an unacceptably high level of explosions during its
production and use (Agrawal, 2010:77). Despite its friction sensitivity, LA is still used
extensively today mainly owing to a lack of suitable alternatives. Pentaerythritol
tetranitrate (PETN) is currently the explosive of choice as secondary charge in

commercial detonators.



When applied as a base charge in detonators, PETN does not have many limitations. It
is sensitive to reliably pick up from low-energy inputs and produce high-energy outputs
(via detonation reaction). This sensitivity can be a concern during manufacturing and
application, but incorporation of waxes in the manufacturing process is utilised
successfully to control this problem (Brown, 2010:175). The thermal stability of PETN,
although somewnhat less than that of cyclo-trimethylenetrinitramine (RDX), is good, and
PETN can be stored for several years in controlled environments.

Lead-based materials are catalogued in the environmental protection agency (EPA)
toxic chemical list. They are regulated under the Clean Air Act as Title 1| Hazardous Air
Pollutants and also classified as a pollutant under the Clear Water Act in the United
States (Mehta et al., 2009:175). These regulatory aspects led many research projects
to focus on and develop a primary explosive that could replace LA (from an

environmental point of view).

In January 2002 the Faculty of Science and Engineering at the University of California
(San Diego) issued a press release with the heading “Computer chips found to possess
explosive properties useful for chemical analysis and nanoscale sensors” (Science
Daily, 2002). Since the accidental preparation of exploding nano-porous silicon, its
potential as an explosive ingredient in explosive formulations has been energetically
pursued. Energetic materials are used in a number of critical defence components
(Subramanian et al., 2009:2). The use of nano-porous silicon in commercial explosive

environment has not been as extensively pursued as in the military environment.

Sailor patented a porous silicon-based explosive in 2004 (Sailor et al., 2004). This
porous silicon-based explosive formulation consists of nano-porous silicon (npSi) and
an oxidiser. The use of nano materials in explosive compositions also increases the
sensitivity to external stimuli of the explosive compositions as reported by Lamy-Bracq
et al. (2007:103). Such compositions are sensitive to friction and electrostatic discharge
(Berger et al., 2006:91). This was validated by Subramanian et al. (2009:2).

Batchelor and Loni (2010:6) stated that the surface chemistry of the porous silicon was
one of the most important parameters affecting the explosive nature of the material.
Canham (1997c:44) reported that the ageing of porous silicon was noted as early as
1965, when the porous silicon was stored in ambient air for a prolonged period. The
use of a polymer binder did not only assist in improving the sensitivity of the explosive
formulations specifically towards friction and heat (Morgan et al., 2008:115), but also

increased the shelf life of nano-porous silicon-based explosive formulations. This



1.2

finding relates to the sensitivity of the porous silicon explosive formulation and its shelf
life. Current limitations of the nano-porous silicon-based explosive formulation are its

sensitivity to external stimuli and poor shelf life.

On the 4™ of April 2008, the European Directive on Identification & Traceability of
Explosives came into effect. The ultimate research aim pertaining to this project is
explicitly to look into the use of radio frequency identification (RFID) tags to achieve the
above. Currently the incorporation of RFID tags into existing commercial detonating
systems (component level) cannot be achieved. The reason for this is the interference
generated by the metal components of the detonating systems to the signal used by
the RFID antenna. A novel detonator design is needed to replace the traditional metal
components. To achieve this target, a thorough understanding of the application of

explosives is desirable.

Understanding detonation physics is vital in exploring the wider applications of
explosives. The environment in which explosives are used can greatly affect their
behaviour and hence their ability to react completely. Further to this is the chemical
compatibility of ingredients even more so after ageing. Incompatibility between
components can compromise functionality and safety of the system. The
characteristics of the explosive formulation to be developed are intended to be
determined in relation to the environment in which the new non-metallic detonator is
likely to be applied. One of the main characteristics should be the velocity of detonation
(VoD). This characteristic is an invaluable parameter for an explosive formulation that
primarily dictates the intended application. Agrawal (2010:30) reported that the VoD of
an organic explosive was also a function of the energy produced by its decomposition.
The theoretical calculation of the VoD then became complex as most equations were

formulated focusing on organic or inorganic mixtures and not combinations of the two.

Statement of Research Problem

A suitable replacement for LA used as an initiating explosive charge is still a challenge.
Environmental concerns force this issue to be addressed. The successful development
of a silicon-based explosive formulation is expected to provide a replacement for LA.
The design and development of a detonator that has the ability to be tagged will also
be a significant step forward in keeping track of detonators throughout their life cycles.
This will prove vital not only in terms of traceability for security purposes, but also for

inventory control in a manufacturing environment.



Establishing a suitable scientific knowledge base describing the detonation behaviour

of explosives in a surrounding environment of non-metallic confinement is currently a

requirement to ensure the optimised development of a non-metallic initiating system.

The main aims of the proposed study are therefore two-fold:

Develop and evaluate a silicon-based explosive formulation to replace LA as
the primary explosive component in an explosive initiator.
Design, develop and evaluate a non-metallic detonator shell that will form the

basis in which an RFID system can be incorporated.

1.3 Scope and Research Objectives

1.3.1 Scope of study

In order to establish the technology required for a non-metallic detonator, a project plan

was developed. The research study focused on the following points:

Literature study.

Porous silicon-based explosive formulation development.

Deflagration to detonation transition development and establishing the
science behind it.

Detonator design and development.

1.3.2 Research objectives

The following are the main research objectives:

To conduct a literature survey to establish the status of current local and
international nano-porous silicon developments and metal-free detonator
developments.

To determine the characteristics of a suitable nano-porous silicon to be used
as part of an explosive formulation.

To determine the physical, chemical and explosive characteristics of the
silicon-based primary explosive formulation.

To assess and validate the functionality of a silicon-based explosive
formulation.

To determine the physical and explosive characteristics of a plastic-bonded
explosive (PBX) formulation that can be readily initiated with silicon-based
explosive composition.

To develop, evaluate and characterise an initiator body that is non-metallic
and capable of housing a tagging and tracing function.

To assess functionality of the non-metallic detonator design.
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e To develop the detonation physics knowledge base addressing explosive

behaviour in non-metallic environments.

1.4 Experimental Design and Research Methodology

1.4.1 Porous silicon-based explosive formulation development
Current international and local environmental issues have motivated scientists to
abandon the use of heavy metals in industrial and related applications. Commercial
detonators use heavy metals in their explosive formulations.

The intended development of porous silicon-based explosive focuses on characterising
porous silicon and the development and characterisation of the silicon- based explosive

formulation. The plan of this part of the research focuses on the following:

o Performing laboratory experimentation.

e Determining the chemical characteristics of the porous silicon-based
explosive formulation.

e Determining the explosive characteristics of the porous silicon-based
explosive formulations.

¢ Determining the effect of different environments on the detonation physics of

an initiating explosive formulation.

On conclusion of this part of the study, it is expected that a nano-porous silicon-based
primary explosive formulation will be developed and scientifically evaluated to serve as

a replacement for LA.

1.4.2 Detonator design and development
This part of the study focuses on the design and development of a novel non-metallic

detonator system that can reliably function according to its original design intent.

The development of a non-metallic detonator shell focuses on identifying and
characterising polymeric materials as well as the performance characteristics of the
non-metallic detonator shell when filled with various components. The characterisation

of alternative materials can be done by laboratory experimentation.

The focus of this part of the research is to determine the physical characteristics of

selected polymers needed to manufacture a suitable non-metallic detonator body.

On conclusion of this part of the study, it is expected that a non-metallic detonator shell

will be developed that is easy to fill and produce reproducible functionality. The effects

6



of a non-metallic shell on the performance of the explosives are postulated with a
possible scientific explanation. The effects of the non-metallic detonator casing on the
behaviour of the explosive used are scientifically described.

1.4.3 Deflagration-to-detonation transition development

15

It is necessary to develop a deflagration-to-detonation transition system that functions

reliably in a non-metallic environment.

The development of a deflagration-to-detonation transition system was mainly done
with laboratory experimentation. The focus of this part of the research can be extended
to:

o determine the effect of the casing material on the rate of detonation of the
explosive material used,;

o determine the most effective column diameter and length;

o determine the most effective nano-porous silicon to explosive ratio;

¢ evaluate the material performance when subjected to various pressures
during consolidation of the explosive composition;

e determine the ability to reliably pick up energy from the timing delay; and

e determine the ability to reliably initiate the base explosive charge in the
detonator.

On conclusion of this part of the study, a deflagration-to-detonation transition system is
developed that will be easy to manufacture and produce consistent functionality. The
detonation mechanisms thus developed is scientifically described involving physics of

explosion.

Outline of the Thesis

The thesis is divided into nine chapters. Chapter 1 introduces the subject matter, scope
of work and research objectives of the thesis. Chapter 2 provides a short history of
explosives, describing their origins, applications and developments over the past
decades. It further revisits relevant work on nano-porous silicon and selected

explosives properties.

Chapter 3 describes the development of nano-porous silicon with characterisation
results. This chapter also describes how the processes of ageing, storage and
oxidation affect nano-porous silicon. The preparation of tetrazole salts is also

presented here.



Chapter 4 describes the development and evaluation of new nano-porous silicon-based
explosive formulations. Tetrazole salts (from Chapter 3) and other oxidisers are used to
prepare mixtures with nano-porous silicon. In the second part of this chapter, the
development of a PETN-based PBX explosive is described. A new test methodology to
further characterise explosive formulations developed in this study is introduced here.

In Chapter 5 an explosive train is proposed involving the newly developed explosive
formulations developed in Chapter 4. Indentation profiles of detonation tests conducted

on witness blocks are analysed using a methodology developed in this study.

Chapter 6 focuses on developing a non-metallic detonator casing. Different polymeric
materials are used to contain a PBX explosive charge. The influence of non-metallic
confinement on the detonation velocity of the explosive is measured and analysed.
Chapter 7 describes the optimisation of the non-metallic booster body. A theoretical

model is used to describe the magnitude of shock waves through different media.
In Chapter 8 the effect of environmental conditions on the strength of the non-metallic
body under different conditions is described. The compatibility between the non-

metallic detonator body and a wireless RFID system is demonstrated.

The summary and conclusions from the research findings are reviewed in Chapter 9.



CHAPTER 2

LITERATURE REVIEW

2.1 Historical Background to Explosive Research
It is generally accepted that black powder was perhaps the first explosive mankind had
used successfully. As early as 220 BC, an accident occurred when Chinese alchemists
unintentionally made black powder while separating gold from silver, resulting in an
explosion (Akahvan, 1998:1). Unfortunately, it is still unknown whether those
alchemists ever realised that they had manufactured black powder. Greek fire was
used in a battle in 668 A.D. (Explosives.org, 2009) and that might well be regarded as

one of the first pyrotechnic mixtures other than black powder.

Black powder was used for hundreds of years in an uncontrolled ignition process.
However, methods were gradually developed for controlled ignition. Since 1831, black
powder was often ignited with a fuse developed by William Bickford (Helmenstine,
2013). The fuse was primarily manufactured from black powder itself and served the
purpose of guiding the flame to the black powder charge in the hole. This procedure
often required workers to manually light fuses with an open flame (Lindahall.org, 2013).

In 1846, the Italian scientist Ascanio Sobrero discovered nitroglycerine. In 1866, Alfred
Nobel found a safer means of handling nitroglycerine in the form of dynamite
(Nitroglycerin, 2013). The discovery of dynamite brought with it the invention of the first
blasting cap. Alfred Nobel was the inventor of a mechanism to initiate (detonate)
reliably dynamite. This was needed as black powder did not have the capability to
initiate dynamite reliably.

Nobel first started to detonate the nitroglycerine using a small charge of black powder
contained in a glass bulb or wooden cylinder. He used a mixture of gunpowder and
mercury fulminate, or the fulminate on its own. These formulations were later packed
into a copper cylinder (Brown, 2010:186). In 1865, mercury fulminate was not new. As
part of the family of fulminates, Basil Valentine described gold or aurum fulminate in
1603 as:

...a powder that kindles as soon as it takes up very little heat or warmth, and
does remarkable great damage when it explodes with such vehemence and
might that no man would be able to restrain it (Brown, 2010:179).
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Figure 2.1: Nobel's first detonator systems (Zandipour, 2014)

The Swedish-German scientist Johann Kunkel von Léwenstern had known mercury
fulminate from the 17" century (Klapétke, 2011:1). Fulminates were used in fireworks,
toys and demonstrations of supposed magic. In 1800, Edward Howard reported on new
fulminating mercury (Brown, 2010:1881). The application of fulminates leaned more
towards the firearms industry. Mercury fulminate was used in flintlock guns but proved
to be less successful because of its power and sensitivity. It was only when Alfred
Nobel used mercury fulminate in his blasting that it found its first real practical
application (Klapétke, 2011:1). Without significant modification, this device was used
into the 1920’s (Once Upon A Time, 2013), hence changing the means of initiating

explosives forever.

Optimal initiation of explosives signifies the start of a process that eventually leads to
the bulk of the energetic material releasing all of its potential energy. Optimal energy
release is essential in obtaining the desired performance from the explosive used.
Optimal energy is obtained by using a combination of explosives that varies in pick-up
sensitivity and output power. This method or process is often referred to as an
energetic train or detonation train. Mainly two types of energetic trains can be
identified. The first comprise low explosive trains or pyrotechnic trains and the second
high explosive trains, generally known as explosive trains. Both types of trains function
on the principle of energy augmentation. The process mainly consists of an input, an
intermediate and an output signal (Duguet, 2009:7). Up to the invention of the blasting
cap, the energetic train was predominantly low explosive. This means that an open

flame was used to ignite the intermediate part. This intermediate part produced a
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controlled burning to ignite the bulk charge (black powder). The bulk black powder
charge then reacted with a severity determined by its volume, confinement and

chemical make-up.

The invention of nitroglycerine, and more specifically the invention of dynamite,
established the capability of obtaining a detonation reaction when desired. The
invention of the blasting cap opened the doors for late nineteenth-century explosives
like TNT, picric acid, tetryl, pentaerythritol tetranitrate (PETN) and cyclo-
trimethylenetrinitramine (RDX) to be used (Akahvan, 2011:20).

A blasting cap forms the first part in a high explosive train. The principal function of a
blasting cap is to transform an input signal into a detonation output signal. Nobel’s first
blasting cap did just that. Blasting caps continuously developed not only to keep pace
with the development of primary explosives, but also with the developments with regard
to the input signal. Primary explosives saw significant progress in the late 19" century
through to the 20" century, establishing many fulminates, azides, styphnates and
tetrazoles. The most predominant primary explosive used today is lead azide. Lead
azide was discovered in Germany in the late 19" century, and owing to its stability and
ability to undergo an extremely rapid deflagration-to-detonation transition, it is still
widely used today (Duguet, 2009:40).

It can be seen that irrespective of the input stimuli, the blasting cap still augments
energy from a low input to substantially higher output energy. The type of initiating
system used is greatly dependent on the specific application. Explosives applications
and environments have changed over the decades, and with that the technology of
explosives has changed as well. New explosive formulations have been developed to
accommodate modern requirements. The bases of these requirements are still physical
safety and environmental compatibility (less toxic). Mercury fulminate has been
abandoned because of these two notable shortcomings: it has poor thermal stability
(safety related), and it has toxic and corrosive properties (Duguet, 2009:37). Not only
are the safety and environmental properties of explosives immensely important from a
modern-day perspective, but also the waste generated from explosives manufacturing
processes. In order to reduce, control and monitor explosive waste, environmental
legislation has been implemented (Akahvan, 2011:25). Future explosive developments
are expected to focus more on environmentally acceptable or ‘greener’ explosive
compositions. This approach will not only apply to the final explosive product but also

to its manufacturing process.
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2.2 Science of Explosives
Explosives are used to break or cause damage to their immediate surroundings. Shock
waves, produced by the rapid expansion of gases, are one of the main causes of
destruction (Kent, 2003:116). This applies both to the military and commercial
applications of explosives on their surroundings. The total shock energy consists of the
energy contained in the shock front, detonation driving zone and the reaction zone as
described in Figure 2.2.

Low pressure expansion zone

N\ Unreacted explosives
&
)
£

Reaction High Shock front
zone pressure
driving

zone

Figure 2.2: A two-dimensional detonation reaction

The detonation front (or shock front in Figure 2.2) is found to be intrinsically unstable
and possesses a transient, three-dimensional structure (Lee, 2008:11). Detonations
with a sonic condition behind them are called Chapman—Jouguet (CJ) detonations. The
explosives used in current detonator systems produce CJ detonations. This also

applies to larger explosive charges (or main charges).

When an explosive decomposes, the shock energy is used to break its immediate
surroundings (creating fragments). This is achieved by reflection and super-positioning
of such shock waves. Large gas volumes are also obtained during detonation and this
energy is used to accelerate fragments. Explosive compositions are thus designed
according to application in order to achieve a well-defined goal. Military explosives
have a high breaking capability (brisance), thus a strong shock front. Commercial

explosives produce higher gas volumes in order to achieve optimal ground movement.
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Explosives rely on many factors to perform optimally to their intended design or
function. The main explosive charge is usually applied to achieve this goal, but it all
starts with the detonator and the subsequent augmentation of energy.

This applies to both military and commercial environments. Explosives rely on the
rapidity of the reaction to perform their intended functions optimally. Although the rate
of the reaction is primarily a function of the chemical make-up of the explosive, many
external factors can also influence the rate at which an explosive reacts. Some of these
factors include confinement, VoD, density, diameter of the explosive and the means of

ignition.

2.2.1 The means of confinement

The detonation shock wave is transmitted more efficiently by a dense solid such as
rock. It travels freely through the material, but the impulse which it imparts is not a type
which, by itself, can propel heavy pieces of rock over a distance and thus do
measureable work. Instead it produces intense compression for a very short time, and
this tends to cause plastic and elastic flow in a homogeneous hard material. A brittle
material will fail under intense compression, and an even tougher one will fail in tension
when the initial compression phase of the wave is suddenly reversed by reflection.
These extreme forces produce spalling and cracking effects in even the strongest
materials. Gases are then able to expand and heave the broken mass in any direction
(Bailey & Murry, 2000:29).

2.2.2 Detonation velocity of explosives
Because of the partition of energy requirement, the velocity of detonation (VoD) at
which the detonation shock wave proceeds through a charge is an important parameter
of the explosive material. The VoD of the explosive material can be predicted by
calculation and/or measured experimentally (Bailey & Murray, 2000:29). The higher the

VoD of the explosive, the higher the CJ pressure generated.

2.2.3 Density of explosive material

Since the detonation wave proceeds through the explosive, the energy which it
releases within and behind itself will depend on the mass of the explosive traversed per
unit area of the wave front. The more mass that is concentrated into a given volume of
explosive, the more energy the wave front can release in order to sustain itself at high
velocity. Provided the charge is of reasonable diameter and well confined, the velocity
of detonation appears to be almost exactly proportional to the loading density or
density of the explosive material in its particular means of application (Bailey & Murray,
2000:29).
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2.2.4 Effect of diameter of the explosive material

The VoD falls below its maximum when the diameter of the charge is below a certain
value, if the degree of confinement is also small. This diameter varies for different
explosives, according to their sensitivity (Bailey & Murray, 2000:30). This can continue
to a point where the VoD is so low that it cannot be sustained. The reaction
subsequently dies. This is termed ‘critical diameter’. The inverse argument also applies
and is of great importance when initiating systems are designed. A sustainable
detonation cannot be achieved when the diameter of the explosive column below the
critical diameter of the specific explosive.

2.2.5 Effect of initiation/ignition of the explosive material

2.3

Explosive charges and initiating systems have been designed to ensure that the
maximum intended effect of the explosives is achieved upon application. This can only
be achieved when the explosives react at full and constant VoD. A detonator imparting
an inadequate shock wave to the receptor charge will result in the receptor charge
reacting at a velocity that is evidently lower than its potential VoD (Bailey & Murray,
2000:30).

Optimal initiation of an explosive can ensure the shortest reaction run-up in terms of
distance and time and hence ensure optimal availability of the potential energy of the
explosive formulation. Any explosive requires a certain time and distance for the
chemical reaction to stabilise. A high explosive, for example, will first start to burn and
then transform (jump) into a detonation reaction. By using the most efficient energy
transfer the jump in reaction can be obtained in the shortest time and distance from the
initiation point. The means of providing the first energy to the explosive is thus very
important to ensure that the explosive reaches optimal performance in the shortest

possible time from the start of the reaction.

The principle of augmentation of energy (explosive train) is again highlighted (Duguet,
2009:7). Since the development of explosives, this principle has not changed.
Research and development focus on the development of new explosive formulations

and improved methods of application.

Functions of a Detonator and Relevant Recent Developments

The earliest record of the use of gunpowder for blasting in a mine occurred in the
Proceedings of the Schemnitz Mine Tribunal of 8 February 1627. The use of
gunpowder in blasting progressed in three stages. The first was both laborious and

hazardous and lasted until 1831. Holes were drilled, typically 0.6 m deep. The hole was
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loaded with gunpowder and blocked off (tamped). A narrow channel of gunpowder was
poured on the ground to a distance deemed safe by the miner. It was lit and the shot
was fired. Many miners were killed using this method of blasting, including Thomas
Epsley, an exponent of the art and the trainer of many miners in the use of this method
(Brown, 2010:78).

In 1831 William Bickford invented safety fuse. This invention provided a better and
much safer way to ignite gunpowder. Within the first few years after the use of safety
fuse had been adopted, the number of blasting accidents had fallen by about 90%
(Brown, 2010:79).

Detonators can have various forms and can contain several explosives formulations.
The purpose of the detonator is to convert the input energy into detonation energy. The
input energy can consist of many forms, for example: the flame energy from
pyrotechnic composition (delay composition or fuse head), the kinetic energy from a
stab initiator, or the combination of shock and flame as provided from a shock tube
system. The main explosives components used inside a detonator are the primary
explosive component and the output explosives (also referred to as the base charge).
A typical detonator is shown in Figure 2.3 with different detonator configurations
depicted in Figure 2.4.

The detonator has changed very little since the late 20™ century in respect of the actual
design and design intent. The ingredients, however, underwent considerable
development for optimal performance. These developments are also driven by global
environmental drives, e.g., moving away from heavy metals in explosives formulations.
The deposition of lead post detonation is responsible for human toxicity and
environmental contamination, especially in mines (Owen, 2006:9). Mercury
contamination of soils and vegetation close to historic mercury fulminate production

plants is also a common occurence (Arbestain et al., 2009:1).
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Figure 2.3: A typical explosive detonator
(Parson et al., 2010)
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Figure 2.4: Various detonator designs
(Wikipedia, 2011)

The late 19" and early 20™ century saw the development of many novel and interesting

explosives formulations. The development of explosives such as trinitrotoluene (TNT),
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2.4

cyclo-trimethylenetrinitramine (RDX), and pentaerythritol tetranitrate (PETN), to name
but a few, opened a whole new world of explosives and their applications. The
development of primary explosives used inside a detonator also led to several novel

explosives.

The development of primary explosives started with the discovery of gold fulminate in
the 16™ century. Its application was primarilly in pyrotechnics, but more importantly it
paved the way for the discovery of mercury fulminate. Since its discovery, mercury
fulminate has been the only initiating explosive known. However, mercury fulminate

was abandoned due to its toxicity in the 20" century (Duguet, 2009:37).

In 1891, Theodor Curtius first prepared lead azide (Brown, 2010:187). Lead azide
eventually replaced mercury fulminate as the primary explosive of choice. In 1993, Bill
Clinton (former president of the United States of America) issued a series of executive
orders to reduce and eliminate where possible the procurement of hazardous
substances and chemicals by federal facilities, directly implicating lead azide. Existing
primary explosives include organic compounds, metastable interstitial composites and
coordination complexes. Primary explosives such as tetracene, diazodinitrophenol
(DDNP) and triazido-trinitrobenzene (TATNB) were developed, each with its own
limitations (Huynh et al., 2006). Novel primary explosives like 5-nitrotetrazolato-N>-
ferrate hierarchies were developed with great success (Huynh et.al., 2006).

Explosives Materials for Detonators

Primary explosives or primary high explosives are very sensitive materials and can
easily be exploded by the application of heat, flame, spark, impact and friction. They
are dangerous to handle and used in comparatively small quantities. Primary
explosives are generally used in detonators, primers and percussion caps. Examples of
sensitive explosives are lead azide, mercury fulminate and silver azide (Agrawal,
2010:6). Table 2.1 shows a comparison between selected primary explosives and their

velocity of detonation (VoD).

Table 2.1: Primary explosives’ detonation velocities

Explosive name Densi_t3y Detonation Ve!?city (VoD)
(g9.cm™) (m.s™
Lead Azide 4.71 5180
Mercury Fulminate 4.42 4250
Lead styphnate 3.02 5200
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2.4.1 Base charge explosive

Output explosives, more commonly known as base charge explosives, are used to
increase the energy output of the detonator. Secondary explosives are used as the
base charge in a detonator. Agrawal (2010:6) describes secondary high explosives as
explosives that are relatively insensitive to both mechanical shock and flame but
explode with greater violence when set off by an explosive shock obtained by
detonating a small amount of primary explosive in contact with it. Some well-known
secondary explosives include PETN, HMX, RDX and TNT.

Table 2.2: Secondary explosives’ velocity of detonation comparison

. Density Detonation Velocity (VoD)
Explosive name 3 1
(g.cm™) (m.s™)
RDX 1.76 8750
HMX 1.90 9100
PETN 1.70 8400

Detonator systems intended to initiate secondary explosives (main explosive charges)
cannot function properly if they do not contain both primary and secondary explosives

components.

2.4.2 Lead azide
Mercury fulminate, lead 2-mononitroresorcinate (LMNR), lead azide and lead styphnate
are simple inorganic salts. They are thermally stable to >200 °C, but their excessive
sensitivity and release of toxic metals upon detonation have made their replacement
desirable (Huynh et al., 2006).

Lead azide has a high ignition temperature and is today the most commonly used
primary explosive. Lead azide is poisonous, slightly soluble in hot water and in alcohol.
It is also highly soluble in a diluted solution of nitric or acetic acid in which a little
sodium nitrate has been dissolved. It reacts with copper, zinc, cadmium or alloys
containing such metals, forming an azide that is more sensitive than the original lead
azide. Because lead azide does not react with aluminium, detonator capsules for lead
azide are preferably made of this metal. The hygroscopicity of lead azide is very low.
Water does not reduce its impact sensitivity, as is the case with mercury fulminate.
Ammonium acetate and sodium dichromate are used to destroy small quantities of lead
azide. Lead azide may be used where detonation is caused by flame or heat. Its colour
varies from white to buff. Lead azide is widely used as an initiating explosive in high-
explosive detonator devices. Lead azide, when protected from humidity, is completely

stable in stowage (GlobalSecurity.org, 2006).
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Figure 2.5: Lead Azide

2.4.3 Pentaerythritol tetranitrate (PETN)
PETN is often considered a benchmark explosive. Explosives that are more sensitive
than PETN can be classified as primary explosives (Agrawal, 2010:6). PETN is used as
a priming composition in detonators, a base charge in blasting caps and a core load for
detonating fuse. It is more sensitive to shock and friction than TNT or tetryl, and is
seldom used alone in large boosters. It is primarily used in booster and bursting
charges of small calibre ammunition, in upper charges of detonators in some land
mines and shells, and as the explosive core of detonating cord. One of the more well-
known boosters utilising PETN is the pentolite booster. Pentolite is a mixture of PETN

and TNT.
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Figure 2.6: PETN

2.4.4 Lead azide and PETN detonating system

Lead azide and PETN are widely used in detonating systems. This preference can be

ascribed to two reasons: its sensitivity and power output. In order for the detonating

system to function optimally, the explosive of choice must react in a desired way to the

input energy supplied. This is not the only characteristic that is required. The

detonating system shall remain stable and functional for a time duration usually

specified by the customer. Selecting a suitable explosive to be used in a detonating

system is not a simple task. The following issues need to be considered:

The environmental condition of the areas where the detonating system will be
required to function.

The time duration and storage conditions of the detonating system following
manufacturing.

The input energy that will be used to initiate the detonating system.

The output energy needed by the detonating system.

Environmental impacts.

Safety requirements.
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Lead azide is currently the primary explosive of choice for detonators. Its sensitivity to
pick up from fairly low-energy sources and its ability to undergo a deflagration-to-
detonation transition in a fairly short timeframe is one of its greatest attributes. Table
2.3 shows a brief comparison between different primary explosives and some of the
criteria to be considered when choosing a primary explosive for the use in a detonating
system.

Table 2.3: Primary explosives’ characteristics

. . VoD Density Friction Ignition -
Primary explosives 1 3 s Temperature Toxicity
(m.s™) (g.cm™) Sensitivity °C)

Lead Azide 5180 471 Extremely 350 Toxic
sensitive

Lead Styphnate 5200 3.02 Lessc):hf: MF 260-310 Toxic

Mercury Fulminate 4250 4.42 Extremely 160 Toxic
sensitive

Diazodinitrophenol 7000 1.71 Sensitive 157 Toxic

Lead azide can also be prepared using four different methods. Agrawal (2010:77)
distinguishes between service lead azide (SLA), dextrinated lead azide (DLA),
improved lead azide and a gelatin/azide/molybdenum disulfide (GAM) form of azide.
These variations of lead azide have been developed to produce a less sensitive form of

lead azide.

Another main consideration is the compatibility of lead azide with other explosives. As
the primary explosives component in a detonating system, lead azide is seldom used
on its own. Combinations with other primary explosives and secondary explosives are
often used. This can be done safely, as lead azide is compatible with almost all other

explosives.

Lead azide’s sensitivity to friction is one of its biggest disadvantages from a safety point
of view. Introducing lead azide into commercial detonators resulted in unacceptably
high levels of explosions during its manufacture and use (Agrawal, 2010:77). The
development of SLA and DLA improved the sensitivity to friction of lead azide but it did
not solve the problem completely. Despite its friction sensitivity, lead azide is still used
today owing to the lack of an alternative energetic material. Environmental pressure is
also on the rise and the lead content of lead azide makes it less desirable for use in an

explosive composition.
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2.5

PETN is currently the explosive of choice for the secondary charge in commercial
detonators. Table 2.4 compares some of the properties of PETN with those of other
secondary explosives. The same approach used in selecting a primary explosive is
applied to selecting a secondary explosive for use in a detonating system. The
secondary explosive must be sensitive enough to pick up from the power output
provided by the primary explosive. The secondary explosive must then react and
provide enough energy to carry the detonation reaction to the next step in the
detonation system.

RDX is also a secondary explosive and is being used to replace PETN in many
applications. RDX is more powerful than PETN and is also less sensitive than PETN
(Agrawal, 2010:6). RDX is, however, more difficult to manufacture than PETN and also
more difficult to acquire. PETN is easily initiated by LA and rapidly undergoes a

deflagration-to-detonation transition.

Table 2.4: Secondary explosives’ characteristics

Secondary explosives Vol?1 Densi_tay Detonation pressure
(m.s™) (g.cm™) (kbar)
PETN 8400 1.70 307
RDX 8800 1.80 338
HMX 9100 1.90 390
TNT 7000 1.60 190

PETN does not have many limiting properties. The thermal stability of PETN is
somewhat less than that of RDX but this can be argued as being marginal. Its
sensitivity is a concern during manufacturing and use, but incorporation of waxes in the
manufacturing process is utilised successfully to control this problem (Brown,
2010:175). It is thus clear that lead azide and PETN remain the combination of choice

when developing an initiating system.

Limitations of Current Explosive Materials and Recent Developments

Lead has been a part of human civilization for a long time and knowledge about its
toxicity dates back to the early 1900’s. Even though it was known to be toxic lead was
introduced in gasoline in 1922. In 1965, Clair Patterson (a geochemist) brought
attention to airborne lead changing the perception that only factory workers were
susceptible to lead poisoning. The Clear Air Act was signed into law in 1970 (Fowler,
2008:1). Subsequently lead-based materials are catalogued on the Environmental
Protection Agency (EPA) toxic chemical list and classified as pollutants under the Clear
Water Act in the United States of America (Mehta et al., 2009:175). In 2008, the EPA
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reduced air emission rules for lead requiring industries to reduce lead levels to 0.15
ug.m>. This is 10 times greater than earlier restrictions. Implementation plans were
required by 2013, with a proposed compliance date of January 2017 (Fowler, 2008:3).

In 2015, Europe amended annex XVII to regulation (EC) No 1907/2006 of the
European Parliament and of the Council on the Registration, Evaluation, Authorization
and Restriction of Chemicals (REACH) (OJL., 2015:1). This regulation addresses
commercial articles that contain lead. Articles containing more than 0.05% lead (by
weigh) are affected by this regulation (Redshaw, 2015:1).

The South African Occupational Health and Safety Act, Act no. 85 of 1993, contains
the national Lead Regulations, 2001. These regulations specify an occupational
exposure limit of 0.15 mg.m™ (Government Notice R236, 2002:2). Lead Azide has a
molecular weight of 291.2 g.mol™ of which 71.2% is lead (by mass). This led many
research projects to develop a primary explosive that can replace LA (from an

environmental point of view).

Efforts directed towards greener primary explosives led to the development of
numerous explosive formulations. Explosive formulations included copper(l)5-
nitrotrazolate (DBX-1) reported on by Fronabarger and Klapdtke (Fronabarger et al,.
2011:1; Klapdtke, 2011:18). DBX-1 is thermally stable up to 325 °C and its impact
sensitivity is comparable to that of lead azide (0.04 Joule (J) compared to 0.05 J
respectively) (Klapétke, 2011:18). 1-Nitroquanyl-3-nitro-5-amino-1,2,4-triazole (ANTA-
NQ) has an impact sensitivity of 46J and friction sensitivity of greater than 360 N
(Chavez and Parrish, 2010:1). Although this explosive formulation is developed as a
green explosive, it is rather insensitive and not suitable as a lead azide replacement.
Sabatini and Oyler (2016:5) reported on numerous green primary explosives including
potassium  4,6-dinitrobenzofurozan  (KDNBF), potassium  1,1-dinitramino-5,5-
bis(tetrazolate) (K,DNABT) and 1,5-(dinitramino) tetrazole dipotassium salt. Most
complexes are synthesised from numerous steps and are complex to purify. Other
challenges include availability of raw materials (or building blocks), poor particle
morphology, limited data pertaining to large scale manufacture and characterization

(detonation behaviour in large scale application).

Knowledge pertaining to detonation physics is vital in understanding the application of
explosives. The environment in which explosives are used can greatly affect their
behaviour and hence their ability to produce energy to their optimal potential. The

characteristics of the explosive formulation to be developed are determined in relation
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to the environment it will be applied in (the new non-metallic detonator). The main
characteristic is detonation velocity (VoD). This characteristic is one of the most
important characteristics of an explosive formulation and mostly dictates its primary
application.

Other factors influencing the VoD include the means and extent of confinement,
diameter, and the density of the explosive charge. In an ideal detonation, both the
detonation pressure and the detonation velocity are dependent on the initial density of
the unreacted explosive (Cooper, 1996:287). The effect of confinement on the VoD of
an explosive formulation is complex. Cooper (1996:281) stated that the confinement of
an explosive charge helps to increase the VoD of the formulation bringing it closer to its
ideal performance. Experimental data for this is sparse and has not been taken
accurately across a wide range of set parameters (Souers et al., 2004:19). Available
data also refers to experiments conducted with steel used as the means of
confinement. The VoD of a cylindrical column of explosives changes if the diameter of
the column changes. A limited amount of data relating to this is available, since the test

set-up is rather expensive and time consuming (Cooper, 1996:297).

Ideal explosives generally show a slow drop in velocity proportional to the reciprocal of
the charge radius (1/R (R = charge radius)). This reduction in velocity continues until
failure occurs at a velocity typically about 5% below the infinite diameter (Haskins et al.,
2006:385). The effect of column height instead of column diameter on the VoD of the
developed base charge explosives is determined. This is applicable in both the

intermediate and main charge development of the non-metallic detonator.

The position of the initiating system in relation to the acceptor charge also influences
the energy transfer of the initiator in an effect referred to by Held (1989:153) as the
corner-turning effect. Held described the detonation as a flow process. In a flow,
pressure builds up higher in the direction of propagation than perpendicularly to it. The
reaction velocity will increase with an increase in pressure. Therefore the reaction and
detonation wave will propagate at a higher velocity in the direction of propagation than
transversely to it. In detonator design this is important as the primary explosives
component must be in line with the secondary explosives component. In the next step
of the detonation train this is not always true. Here the detonator can be enclosed by
explosives, and transfer of energy is both radial and axial. The energy on the radial
axis needs to be enhanced to ensure optimal initiation of the intermediary charge or the
main explosives charge. It is accepted that there is enough room for the main charge to

initiate properly (optimal corner turning has been achieved).
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Current knowledge gaps are identified in being an understanding of the detonation
physics (as briefly described above) when applying explosives in non-metallic
environments. Proper explosive characteristics of nano-porous silicon explosive

formulations are also not available.

2.6 Novel Silicon-Based Explosive Materials

2.6.1 Nano-porous silicon
Porous silicon was discovered by Art Uhlir at Bell Laboratories in the mid 1950’s. Nano-
porous silicon was prepared by chance while trying to develop a means to
electrochemically machine silicon wafers. It was found that under the appropriate
conditions of applied current and solution composition, the silicon did not dissolve
uniformly but instead fine holes were produced. Since this did not provide the desired
effect, the results were reported in a Bell Laboratories technical note and the material
was pretty much ignored (Sailor Research Group, 2003). This was until the press

release statement by the University of Californie (San Diego);

Most people are familiar with silicon as material that's used in computer
chips for circuits ... This is the same material but we’re making it into a very
finely divided form of silicon — a nanocrystal — that has such a high surface
area that it burns very quickly. The faster the burn the bigger the bang
(Science Daily, 2002).

Sailor, a professor of chemistry and biochemistry and the lead researcher in the
project, further described that when a postdoctoral researcher working in his laboratory
tried to cleave the wafer with a diamond scribe, it blew up in his face. “It was just a

small explosion, like a cap going off in a cap gun...” (Science Daily, 2002).

Nano-porous silicon is a sponge-like form of silicon produced by chemical or
electrochemical etching of bulk silicon. The silicon is classified according to pore sizes:
= macro: >1pum
= meso: 10 nm to 100 nm
= micro: <5nm
The porosities can be tailored from 10 to 90% (Subramanian & Santosh, 2008).
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Figure 2.7: Nano-porous silicon
(Subramanian & Santosh, 2008)

Nano-porous silicon is luminescent under ultraviolet radiation. The manufacture of nano-
porous silicon is on its own a delicate and complex process. Various processes have been
developed, including chemical (Subramanian & Santosh, 2008), electrochemical
(Subramanian & Santosh, 2008), wet chemical etching (Virginia Semiconductor, Inc., 2003),
chemical vapour deposition (Gleason et al., 2006), isotropic silicon etching (White, 2007) and
cryogenic reactive ion etching (Henry, et al.,2009). For manufacturing of energetic silicon
only chemical and electrochemical etching techniques are used. Ervin et al. (2015:1)
described an anchored electrode method for more controllable etching depths.

Figure 2.8: Nano-porous silicon under ultraviolet radiation
(Subramanian & Santosh, 2008)
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2.6.2 Porous silicon-based explosive

Energetic materials are used in a number of critical defence components ranging from
shaped charges, actuators and delay lines to detonators. US defence needs for more
advanced energetic materials have been evolving rapidly in recent years. The need for
increased mobility, enhanced range and intensity, reduced or modified signatures,
reduced collateral damage, and the capability to destroy hardened and buried targets
has increased demand for enhanced energetic materials (Subramanian et al., 2009).
Sailor patented a porous silicon based explosive in 2004 (Sailor et al., 2004). The
invention described the nature of the porous silicon-based explosives in conjunction
with an oxidiser. Oxidisers in the invention were selected nitrates, perchlorate salts,
selected fluoride salts, and selected solid-state explosives, namely, PETN, TNT and a
metal azide (Sailor et al., 2004). Vesta Sciences used sodium perchlorate and iron
oxide as oxidisers (Subramanian et al., 2009). Potassium periodate, Sodium
metaperiodate and lodopentoxide were also introduced by Abraham et al. (2016:179-
188).

Properties obtained from mixtures described by Subramanian and Sailor seem
satisfactory for an explosives formulation. The explosive compositions and nano-
porous silicon were defined and categorised accordingly. Sailor primarily used Fourier
transform infrared spectroscopy (FTIR), atomic emission spectroscopy and a flame
test. Subramanian et al. (2009) described a more detailed analysis of the results. The
particle size, nitric acid concentration, BET surface area and mean pore size were
determined. The patrticles were also characterised using scanning electron microscopy

(SEM), transmission electron microscopy (TEM) and X-ray diffraction.

Figure 2.9: High-resolution SEM of pSi surface
(Subramanian & Santosh, 2008)
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The energetic compositions were characterised by the following tests: estimated heat
of reaction, reaction rate of PSi with oxidisers and electrostatic discharge
(Subramanian et al., 2009).

Table 2.5 shows the estimated heat of reaction results obtained by Subramanian et al
(2009).

Sailor et al. (2004) and Subramanian et al. (2009) made no reference to the shelf life of
the porous silicon-based explosives formulations. Bezuidenhout (2009:5) reported the
development of a PETN-based nano-porous silicon explosive. During this study the
shelf life of the nano-porous explosive composition was noted to be poor. Further
analyses on freshly prepared samples exhibited explosives properties. However, the

formulations did not function 24 hours later.

Table 2.5: Estimated heat of reactions

Reaction Asls 1 A7
(kJ.mol™) (kJ.g)
Si +0; — SiOz -857 -15.2
2Si+ NaClO4 — 2SiO; + NacCl -1737 -10.4
2Si +KClO4 — 2Si0, + KCI -1718 -9.4
5Si + 4KNO3; — 5SiO; + 2N, + 2KO -3019 -6.1
Si +( CaF4)n — SiF4 + 2C -806 -6.2
3Si +2Fe,03 — 3SiO; + 4Fe -905 -2.2
Si + 2Cu0O — SiO, + 2Cu -567 -3.5
Si + Bi,03 — SiO; +Bi -1423 -1.4

Batchelor and Loni (2010) stated that the surface chemistry of the porous silicon was
one of the most important parameters that could have an effect on the explosive nature
of the material. A gradual change in the hydride passivation to oxide passivation on air
storage was likely to result in a decreased potency and might have impacted on how

the material was further processed and/or stored (Batchelor & Loni, 2010).

Canham (1997c:44) reported the ageing of porous silicon when it was stored in
ambient air for a prolonged period. There are, however, many techniques for changing
the surface chemistry and minimising the rate of oxidation to control the ageing process
(Batchelor & Loni, 2010).
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2.6.3 Porous silicon-based initiating systems

2.7

Moving towards green initiating systems, nano-porous silicon was identified as the
material that could provide a solution. Several studies involving energetic silicon have
described the combustion behaviour of the material when used with different oxidisers.
Du Plessis (2007) concluded that the filling of the pores was a function of the pore
diameter and a filling factor that ranged from 40% to 70% for NaClO, (sodium
perchlorate). Du Plessis further established an optimum pore size as being 3-4
nanometres (nm) to achieve the most effective nano-explosions. The combustion of
porous silicon (Si) was also shown to be dependent on many factors that include
porosity, pore volume, pore depth, and oxidiser ratios (Churaman et al., 2015; Piekiel
et al, 2015). Flame speed of explosive mixtures was found to be higher than 1500 m.s™
for studies conducted involving on-chip porous silicon combustion. Reaction wave
propagation was also shown to be influenced by the surface area of the nano-porous

silicon (Parimi et al., 2015).

Energetic silicon was characterised and possible uses were outlined in the literature
(Ramachandran et al., 2014). However demonstrating energetic silicon as an effective
primary explosive replacement (specifically for lead azide) in larger applications has
been inconclusive. Commercial initiators can take up to 160 mg of lead azide that is
used to initiate a PETN base charge. The PETN base charge must in turn be strong
enough to initiate at least a pentolite charge.

Radio Frequency ldentification Tags
Tracing of explosives and related components are becoming an important part of
inventory control. Explosive manufacturers, suppliers and end users are required to
prove control over inventory and stock movement. This is to ensure that explosives
cannot be obtained by unwanted persons. So the main drive is security. Radio
frequency identification technology (RFID) is one of the biggest growing technologies
with great potential in supply chain management (Knezevi¢ et al., 2015:35). RFID are
successfully being used in:

o Class identification

e Location identification

e Transfer of further data

e Asset tracking

¢ Manufacturing

e Supply chain management

e Retailing

e Payment systems
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e Security and access control
(Kaur et al., 2011:155)

RFID often refers to Ultra High Frequency (UHF) identification technology. This
technology can be subdivided into active and passive systems. Passive systems refer
to tags that, in their normal state, are not powered by external sources such as a
battery (Asher, 2015:2). RFID readers are used to energize passive RFID systems.
Active RFID systems, also called real-time location system) are constantly powered by
an external source like a battery (Asher, 2015:4). It is not considered safe practise to
have sources of energy like batteries close to explosives therefor active RFID systems
are not considered in this study. Other trace and identification systems include

barcoding.

2.7.1 Advantages and limitations of radio frequency identification and barcoding
systems
Optimal and sustainable data acquisition and reporting is essential in track and trace
systems. Adaptalift Hyster (Adaptalift Hyster, 2012:3) describes the advantages and
disadvantages of RFID compared to barcoding systems. A comparative summary is
given in Table 2.6 and Table 2.7

Table 2.6: Advantages of track and trace systems

Barcodes RFID
Small and light Can be read from a greater distance
Less expensive Do not be positioned in line of sight

Material on which they are placed does not

. . . Read wright devices
compromise the functionality g

Is a universal technology High level of security

Large data capacities

Minimal human interaction

Reusable and rugged
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Table 2.7: Disadvantages of track and trace systems

Barcodes RFID
Needs direct line of sight More expensive
Scanner needs to be close to tag Shielded when in liquid or surrounded by metal

Reader collision can occur when two or more
readers are used in close proximity of each other
Chips are readable/writeable and needs two
separate machines

Labour intensive

Less security

Easily damaged

Damaged barcode cannot be scanned

2.8 Summary
The research and development work conducted in the last 20 years of the history of
explosives focused on the replacement of heavy metals in the chemical make-up of the
primary explosives. Current focus is greener and safer primary explosive formulations.
The actual performance requirements of a detonating system have not changed since
its early development in the 19" century. The challenge thus remains to develop a

novel explosives formulation that is greener to the environment and safer for humans.

The development and preparation of nano-porous silicon-based explosives formulation
is a realistic development that can be applied as a replacement for a primary explosive
like lead azide. The results obtained by Sailor et al. (2004) and Subramanian et al.
(2009) are only selected proof that an explosive formulation can be manufactured from
nano-porous silicon. By manipulating the pore volume and the surface area of the
silicon particle, and by the selection of a suitable oxidiser, an explosive formulation to
suit various needs in terms of power output and burn rates can be developed. In doing
further research in this area, it is important to remember that explosive compositions
from nano-porous silicon are also very sensitive to heat and friction (Subramanian et
al., 2009). Although npSi explosive formulations can be manufactured characteristics
like shelf life (when mixed with selected oxidisers) combined with high cost of

manufacturing prevents npSi from being used in explosive formulations.

The construction of a detonating system has not changed much over the last few
decades. Lead azide’s sensitivity, its compatibility with other explosives and its stability
make it a very good initiating explosive. Environmental pressures will contribute to the
complete abolition of lead azide and termination of its use. New technology drives are
already producing new generation initiating explosives to replace lead azide. PETN

used as the secondary charge in a detonating system can ensure that the power output
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of such detonating systems should be adequate for proper functioning. The sensitivity
of PETN should ensure compatibility with new generation initiating explosives. The
lifespan of LA as an explosive material may be short lived, but PETN will remain the
secondary charge of initiator detonating systems well into the future.

A suitable replacement for lead azide (LA) as an initiating explosive charge is still a
challenge. Environmental concerns force this issue to be addressed. The successful
development of a silicon-based explosive formulation is expected to provide the ability
to replace LA. Also the design and development of a detonator that has the ability to be
tagged should be a significant step forward in keeping track of detonators throughout
their life cycle. This could be vital not only in terms of traceability for security purposes,
but also for inventory control. Establishing a suitable scientific knowledge base
describing the detonation behaviour of explosives in a surrounding environment of non-
metallic confinement is currently a requirement to ensure the optimised development of

a non-metallic initiating system.
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3.1

3.2

CHAPTER 3

PREPARATION AND EVALUATION OF NANO-POROUS SILICON AND TETRAZOLE

SALTS FOR EXPLOSIVE FORMULATION

Introduction

Explosive compositions contain a mixture of oxygen and fuel components. Oxygen and
fuel react primarily to produce heat and gas. Such mixtures, when initiated, can burn at
various rates and are influenced by numerous factors such as type of chemicals used,
the density of the products, mixture ratios, and confinement. Pyrotechnic compositions
are typical examples of low explosives or deflagrating explosives. Silicon is well known
for its use as a fuel in pyrotechnic compositions and more so for its use in pyrotechnic
delay compositions. It is a lesser known material as an ingredient in typical detonating
explosives. In this research, nano-porous silicon is a fuel that could be used to develop
an explosive formulation when combined with selective oxidisers. A potential oxidiser is

a tetrazole salt.

Tetrazoles have recently been explored as a possible replacement for lead azide.
Tetrazoles are chemical compounds characterised by a doubly unsaturated five-
membered ring containing four nitrogen atoms and one carbon atom (Matyas &
Pachman, 2013). Nitriminotetrazole was not only identified as a possible replacement

for lead azide, but also as an oxidiser to be mixed with nano-porous silicon.

This chapter describes the preparation of npSi and selective characterisation thereof
aimed at explosive applications. Ageing, storage, and oxidation effects on pore size
and pore volume of the nano-porous silicon are examined. The manufacture of 5-

nitriminotetrazole is also described.

Process of Developing Nano-porous Silicon

In earlier studies porous silicon was mainly produced by anodisation in aqueous or
ethanoic hydrofluoric acid (HF) solution (Allongue, 1997:3). Today, npSi can be
manufactured utilising dissolution chemistry. Dissolution is the process by which a
substance forms a solution in a solvent. For the dissolution of solids, the process of
dissolution is the breakdown of the crystal lattice into individual ions, atoms or
molecules and their transport into the system. The outcome of the process is governed
by the thermodynamic energies involved rather than by the process of dissolution itself.
Overall free energy must be negative for net dissolution to occur. The energies are
controlled by the way in which different chemical bonds interact with those in the
solvent (Sirius Analytical, 2017).
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3.2.1 Mechanisms of silicon dissolution

Silicon spontaneously gives rise to well-defined pores with nanometre (nm)
dimensions. Other materials such as SiC, SiyGe;,, GaAs, GaP and InP can also be
made porous (Allongue, 1997:3). Dissolution can be obtained by monitoring either the
anodic current or the potential. In general, constant flow of current is preferable, as it
allows for better control of the porosity and thickness as well as good reproducibility
from batch to batch. The simplest cell which can be used to anodise silicon is shown in
Figure 3.1.

Pt
(Cathode)

Si
(Anode)

+

Figure 3.1:Cross-sectional view of a lateral anodisation cell
(Adapted from Halimaoui, 1997:12)

The silicon wafer serves as the anode. The cathode can be made out of any HF-
resistant conductive material. The cell body itself was made out of a material such as
Teflon™. Since the entire silicon wafer serves as the anode, porous silicon (PS) is
formed on any wafer surface in contact with the HF solution. This test set-up is simple

but often it results in non-uniformity in both porosity and thickness of the resulting layer.

The second type of anodisation cell is the single-cell approach using reversible contact.
In this type of cell a metal contact is made to the back of the wafer and sealed so that
only the front end of the sample is exposed to the anodising electrolyte. Halimaoui
(1997:12) noted that for silicon wafers with low resistivity (typically < few milliohm /
centimetre (mQ.cm™)), a good uniformity was obtained without the need for a metallic
contact. For high-resistive silicon wafers (typically > few mQ.cm™), a high-dose
implantation (~10" cm™ at 80 keV) of boron (for p-type) or phosphorus (for n-type

silicon), on the back end, is required. This type of cell leads to PS layers of good
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uniformity. This uniformity simplifies the interpretation of the current—voltage
characteristic and offers good control of both thickness and porosity of the resulting
layer.

€«<——  Platinum grid
(cathode)

«——— Teflon Cell

ee—+——  “0"ring
BN

R
4
z

< Si Wafer
<«<———  Aluminium plate (back contact

RSN

Figure 3.2: Cross-sectional view of a conventional single tank cell
(Adapted from Halimaoui, 1997:13)

X

(d) (e) (f)

Figure 3.3: Schematic illustration of typical porous silicon morphologies. (a) n" (100)
orientated wafer anodised in the dark, (b) n" (110) orientated wafer, (c) n” (100) orientated
wafer with back side illumination, (d) p* wafer with dilute ethanolic HF, (e) n* wafer with

dilute aqueous HF, and (f) p” with concentrated agueous HF (Allongue,1997:3)

Anodic oxidation of crystalline Si under constant current in aqueous or ethanolic
solutions of HF is possibly the most common porous silicon preparative method. An
intrinsically easier but less frequently employed technique is the use of an open-circuit

chemical stain-etch consisting essentially of HF, nitric acid and water.
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3.2.2 Dissolution chemistry
The exact dissolution chemistry of silicon is still unclear but different mechanisms have
been proposed (Halimaoui, 1997:13). Halimaoui (1997:14) reported the following

overall reaction for the dissolution of silicon:

Si+ 2HF + Ah"— SiF, + 2H" + (2-A)e’ Equation 3.1
SiF, + 2HF — SiF, + 2H Equation 3.2
SiF, + 2HF — H,SiF; Equation 3.3

In the above equations, h* and e are the exchanged hole and electron respectively and
A is the number of charges exchanged during the elementary step. Mechanisms based
on the same approach were often suggested in published literature. A variant for the
dissolution mechanism based on a surface-bound oxidation scheme (with hole capture
and subsequent electron injection, leading to the divalent silicon oxidation state) was
proposed by Halimaoui (Halimaoui, 1997:14).

A B C
N\ / N/ \S./ N
Siy i i\ Si

S i + Si i~
N7 N H +ht N N +H+h *HZ‘\S,/ N OH e N PR /F
” . /Sl\ e /Sl\ /'51\ —> l\ -/SI\H +H* —» Si /S;\

£ R o 7 N/ H
2 SL \ S
oy £ Ny sy e
D

N E F
1
\S‘ \H HQ -
+2H,0 N\ /‘\H - 7/ +H0,HF  x_ X
— s g o O/SKF —  %{ +H, X=OH,P
S'/ (in solution) X
/ \H

Figure 3.4: Reaction model for the dissolution of p-Si in aqueous HF solution
(Allongue,1997:5)

On atomic scale, this model explains that the surface remains H-terminated as long as
steps A-B remain slower than steps C—E. This can be achieved by keeping the rate of
the hole supply below a certain limit (J>J¢,) as shown in Figure 3.5. For each Si atom
dissolved, two holes are consumed in steps A and B, in association with a divalent

reaction.
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Figure 3.5: Typical J-V curve of p*-Si in dilute aqueous HF solution. Porous silicon is
obtainable for J>J, (Adapted from Allongue,1997:3)

One molecule of hydrogen (step F) and two protons (steps B and C) are also
generated on the surface. After the initial substitution steps, Si-H — Si-OH — Si-F
un-dissociated HF and H,O molecules chemically attack the polarised Si®-Si*® back
bonds. This leaves the hydrogen (H) atom attached to the Si® atom on the surface
(steps D-E in Figure 3.4). The final step occurs in the solution where the Si complex
is further hydrolysed with production of molecular H, (step F). As the rate of the
substitution S-H — SiOH increases, by increasing the rate of hole supply, the
density of Si-OH bonds increases and becomes such that neighbouring groups start
to condense into Si-O-Si bridges. This is the early stage of oxide formation.

As with the anodic oxidation of Si under bias, a key component of the stain-etch route
to porous silicon formation is generation of holes. In most stain-etch methods
employing HF and HNOg, initially NO is produced which normally serves as a hole
injector. Coffer (1997:23) reported the following reactions for the dissolution of stain

etched silicon:

HNO; + 3H" — NO + 2H,0 + 3h* Equation 3.4
nh*+Si+2H,0 — SiO, + 4H" + (4-n)e’ Equation 3.5
S|02 + 6HF — stlFe + 2H,0 Equatlon 3.6

Over all the empirical reaction was then given as:

3Si + 4HNO; + 18HF — 3H,SiFs + 4NO + 8H,0 + 3(4-n)h" + 3(4-n)e’
Equation 3.7
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3.3

Figure 3.6: Transmission Electron Microscope (TEM) image of a typical
porous silicon particle (Subramanian & Santosh, 2008)

Nano-porous Silicon Sample Characteristics

Many factors influence the performance and reliable functioning of explosive
formulations. To manufacture safe and reliable explosive formulations, knowledge of
the characteristics of the raw materials is vital. In this part of the research, the focus
was on the characteristics of npSi used in explosives formulation and how the level of
oxidation of the npSi could influence the reactivity of such formulations.

The samples used in this study were prepared using stain-etching as well as
anodisation methods. Nano-porous silicon samples were sourced from Vesta Sciences
and Intrinsiq Materials. Samples varying in surface area, pore volume and pore size
were obtained. Table 3.1 shows the material properties of the samples obtained from
Vesta Sciences. These samples had a particle size distribution of d10 = 1, d50 = 4 and
d90 = 8 (um).

In Figures 3.7 and 3.8 different pore sizes are depicted.
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Table 3.1: Nano-porous silicon characteristics (sample from Vesta Sciences)

sample Surfag:e_:i\rea Pore v30Il_Jlme Pore size

(m“.g™) (cm®.g7) (hm)
HDS - V001 116 0.25 7.1
HDS - V002 110 0.23 6.6
HDS - V003 112 0.23 6.6
HDS - V004 116 0.22 6.2
HDS - V005 107 0.21 6.2
HDS - V006 133 0.28 6.5
HDS - V007 130 0.27 5.6
HDS - V008 176 0.39 7.0
HDS - V009 180 0.39 6.8
HDS - V010 176 0.34 6.2
HDS - V011 136 0.23 59

100 nm EHT = 1.00kV Signal A = InLens Date :22 Aug 2011
WD = 27 mm Photo No. = 4800 Time :7:24:52

Figure 3.7: Scanning Electron Microscopy (SEM) image of npSi sample HDS - V001

To determine the influence of the level of oxidation on the reactivity of porous silicon-
based explosive formulations, specially prepared silicon samples were used. Intrinsiq
Materials prepared porous silicon membranes from 6-inch silicon substrates (0.005
milliohm per centimetre (mQ.cm™) to 0.02 mQ.cm™ resistivity) by electrochemical
anodisation using hydrofluoric acid / methanol electrolyte. The membranes, when

dried, were subsequently ball-milled in ambient conditions using zirconia grinding
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EHT = 1.00 kv Signal A = InLens Date :22 Aug 2011
WD = 2.7 mm Photo No_ = 4914 Time :8:45:52

Figure 3.8: SEM image of npSi sample HSD - V002

media, at 300 rpm for 3 minutes, to yield a particle size distribution with d10 = 4 um,
d50 = 24 pym, d90 = 86 pym (Appendix 3A). An additional batch of aged npSi powder
was used for comparative studies. This was rotor-milled to yield a desirable size
distribution with d10 = 2 ym, d50 = 15 ym, d90 = 34 ym (Appendix 3A) and stored in a
jar for 14 months. Chemical reagents used were as specified in Appendices 3B to 3D.
Thermal oxidation of powders was carried out in an unpressurised air environment,
using an oven with borosilicate glassware. Porosity of a nano-porous silicon sample is
shown in Figure 3.9. Different surface roughness is notable when comparing Figure 3.7

with Figure 3.10.

Figure 3.9: TEM image of npSi sample HDS-1002
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WD = 27 mm Photo No. = 5034 Time 12:5649

200 rm EHT = 1.00 kv Signal A = InLens Date 22 Aug 2011

Figure 3.10: SEM image of npSi sample HDS - 1002

The surface of the nano-porous silicon is shown in Figures 3.11 and 3.12.

.
%o e |
w21

Figure 3.11: Atomic Force Microscopy (AFM) phase image of npSi sample HDS - 1002
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Figure 3.12: AFM valley image of npSi sample HDS - 1002

The ball-milling process is known to oxidise npSi when carried out in air. This, in
combination with the destructive nature of milling, has the effect of reducing pore
volume. In order to determine effects associated primarily with a controlled degree of
thermal oxidation (and natural ageing in air), the milled powders were washed in
methanol-hydrofluoric acid to first remove the milling-induced oxide, thereby leaving a
fresh hydride-passivated internal pore wall structure. To maintain this ‘clean’ surface, it
was imperative that the npSi did not subsequently come into contact with air or
aqueous solutions. Also, for safe handling, the hydrofluoric acid had to be completely
removed from the pores. Consequently, an etch-rinse procedure was used to ensure
that the npSi became ‘clean’ (wet) and free of hydrofluoric acid, for both
storage/transport and use as a starting material for thermal oxidation. npSi batches of

up to 8 g were manufactured using the following procedure:

(a) Pre-wet milled npSi powder with 20 ml methanol.

(b) Add 100 ml of 10% aqueous hydrofluoric acid.

(c) Filter-off solution after 5 minutes (PTFE Buchner arrangement).

(d) Five-minute soak-rinse with 100 ml methanol, twice (filtering off solution each
time).

(e) Final 5-minute soak-rinse with 100 ml iso-propyl alcohol (IPA).

(f) Aliquot damp powder into batches for storage and drying/oxidation.
3.3.1 Storage effects on npSi

The IPA-damped powder scheduled for storage, sample HDS-I001, was immediately

transferred to a 50 ml poly-ethylene/propylene container with screw-top lid, the
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container then being filled with 40 ml acetone. The thread of the container was covered
with several layers of Parafiim® before the lid was securely tightened. After attaching
the lid, an outer seal was made with additional layers of Parafim® held tightly in place
with Sellotape®. The integrity of the seal was tested over a couple of days, with neither
visible leakage nor smell of acetone being encountered. The small container was then
put inside a larger container and back-filled with mica, the secondary container also
being sealed internally and externally with Parafiim® and Sellotape®. The reduction in
weight of the damp powder was a good indicator of how much solvent remained in the
pores. This is shown in Figure 3.13 (for the rotor-milled npSi powder (QNA3538)
subjected to the same HF wash/solvent-soak process then air dried from an acetone
slurry (in a 7 cm diameter Petri dish)). The linear decrease up to 110 minutes relates to
the bulk acetone evaporation, with the subsequent non-linear decrease being attributed
to acetone evaporating from within the pores of the npSi. Complete drying, in air, took
up to 4 hours (forwards-extrapolated) for this sample size (Figure 3.13). Weight loss of
approximately 1.5 g rotor-milled npSi powder after HF, methanol, IPA and acetone

soaks in air (at room temperature) was observed.

12
—»— (QNA3538
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Figure 3.13: Weight loss of approximately 1.5 g rotor-milled npSi powder after HF,
methanol, IPA and acetone soaks in air (at room temperature)
(Adapted from Loni & Canham, 2011:4)

3.3.2 Oxidation effects on npSi
The isopropyl alcohol-damp powder scheduled for oxidation was dried under vacuum
at 70 °C for 1.5 hours, with a further 2 days under vacuum at room temperature. On
exposure to ambient air, the dried powder was split into 3 batches for immediate

weighing and oxidation. Oxidation temperatures were chosen (for a fixed time of 1
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hour) based on preliminary trials aimed at quantifying the weight increase. The weight
increase was gained through oxidation. The degree of oxidation was defined by the
value X’ in silicon oxide (SiOx). Gravimetric values are in accord with expectations
based on internal work at Intrinsiq Materials Laboratory, while values obtained by
energy-dispersive X-ray (EDX) analysis were higher (see Table 3.2).

Table 3.2: Properties of oxidised npSi powders

sample Surfage_?rea Pore \/30Il_Jlme Weight % O
(m~.g7) (cm™.g™) (EDX)
HDS - 1001 305 0.982 Not measured
HDS - 1002 305 0.982 13
HDS - 1003 290 0.918 5.9
HDS - 1004 245 0.772 23.3

This higher value can be explained through unintentional oxidisation or artificial ageing
of the (oxidised) npSi by the ion beam during analysis, although atmospheric
impregnation is a more likely factor. EDX analysis was conducted three weeks (HDS-
1002, HDS-I003 and HDS-1004) and one week (QNA3538HF) after being exposed to
thermal oxidation. During this time, the samples, rendered hydrophilic, would have
chemisorbed moisture from the atmosphere (with higher oxidation temperatures
resulting in more hydrophilic material). This was in accord with the observation that the
weight of the npSi sample (oxidised at 300 °C) after HF-washing/rinsing
(QNA3538HF(300) (Figure 3.14)) increased by approximately 2% over a one-week
period. Chemisorbed moisture might not be totally removed during EDX sample
preparation/analysis — this could, however, explain in part why the values were higher
than those calculated from gravimetric data for essentially ‘fresh’ samples. To test this
hypothesis, EDX was carried out on Davisil® LC250, a commercially available porous
silica (SiO,). Analysis indicated a 3 wt% excess of oxygen (equivalent to SiO5); this
correlated with the certificate of analysis figure of 3.3% for ‘weight loss on drying’ (1.8%
being oxygen from desorbed H,0). It can be noted that only Si and O were present in
the oxidised npSi, with no evidence of fluorine (or residual HF) typically observed in as-
anodised/aged npSi. The lack of fluorine can be attributed to the soaking/rinsing
process used before oxidation. Figure 3.14 shows the expected trend in the evolution
of the oxidation process, with the temperature range extended (temperature-dependent

oxidation of pSi for a one-hour process).
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Figure 3.14: Temperature dependent oxidation of npSi for an one hour process
(Loni & Canham, 2011:6)

The maximum theoretical value of 53.3 wt% oxygen, for SiO,, can only be achieved
after very high temperature processing (> 900 °C) — this is confirmed by the data
trends. Figure 3.15 shows the reduction in pore volume of HF-washed npSi after
oxidation, for both ball-milled and rotor-milled npSi — this reduction should be
considered when formulating aged or milled powders with PETN, as different payloads
would result. ‘Fresh’ hydride-passivated npSi stored in acetone would gradually

oxidise, once dried and exposed to air.
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Figure 3.15: Pore volume dependency on oxidation temperature
(Loni & Canham, 2011:6)
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3.4

Although the pore volume of the fresh hydride-passivated ball-milled sample
(R978/R997PBM) was not included in Table 3.2, backwards extrapolation would
indicate approximately 1 ml.g™" was to be expected for this (equivalent to a porosity of
70% before oxidation). The pore volume before washing in HF (R978/R997 PBM) was
somewhat lower at 0.768 ml.g™; this was indicative of the degree of oxidation induced
by the milling process. These values were in accordance with the measurements
carried out on the rotor-milled and naturally-aged npSi batch (QNA3538, stored for 14
months), where the pore volume was increased from 0.742 ml.g™* before HF washing to
1.074 ml.g™ after HF washing — the increase being attributed to a combination of oxide
removal and chemical leaching of the npSi powder.

The surface chemistry of the porous silicon is one of the most important parameters
that can have an effect on the explosive nature of the material. A gradual change from
hydride to oxide passivation on air storage may result in decreased potency and may
have some bearing on how the material is further processed and/or stored. Related to
this is the use of simple chemical washing procedures to remove residual elements,
which can also change the internal surface chemistry and impart improved stability
against oxidation. The degree of thermal oxidation of the npSi powders may have an
adverse effect on the ‘explosivity’. However, in the present study, the reactivity of npSi
powder stored for 14 months (rotor-milled batch QNA3538, with native/milling-induced
oxide) was compared with the same powder after HF-washing, solvent soaks and air-
drying, by propelling small aliquots (10 mg) into 69% nitric acid — a crude screening test
used previously for stain-etched powders. The fresh sample ignited almost immediately
and the ‘aged’ sample ignited to the same degree, after a marginally longer initiation
time. This was encouraging. It demonstrated that npSi maintained high reactivity even

after prolonged storage and with milling-induced oxide passivation.

Synthesis of Tetrazole Salts

In this section, preparation and evaluation of tetrazole salts (primary explosives
formulations) are described. They were synthesised at AEL Mining Services
experimental laboratories. Tetrazole in its free state does not have the characteristics
of a primary explosive. Owing to its acidic nature, tetrazoles easily form metallic salts.
A large number of these salts (or derivatives) have explosives properties and fall into
the category of primary explosives. In this study, 5-nitriminotetrazole and 5-
nitrotetrazole were synthesised from 5-aminotetrazole. Aminotetrazole was synthesised

in accordance with the synthetic scheme outlined in Figure 3.16.
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Figure 3.16: Synthesis of 5-aminotetrazole

3.4.1 Preparation of 5-nitriminotetrazole salts

5-Aminotetrazole was nitrated using nitric acid (96%) (Figure 3.17). The reaction was
quenched via the addition of ice-cold water. The volume of the solution was reduced in
situ and the resulting product purified via crystallisation. The product thus obtained was
the nitramine, 5-nitriminotetrazole. Nitriminotetrazole was recrystallised from water to

obtain a coarse material.

H H
N NH N
y Y > HNO, (96%) N %N\
N — \ NO,
N—N
N— N—N
H

Figure 3.17: Synthesis of 5-nitriminotetrazole

3.4.2 Preparation of 5-nitrotetrazole

Nitro groups (—NO,) are more electron withdrawing than the nitramine groups (=N-
NO,), hence a tetrazole containing nitro groups should be more sensitive than a
tetrazole that does not have nitro groups. The more sensitive 5-nitrotetrazole was
synthesised from 5-aminotetrazole with the aid of sodium nitrite, copper sulphate and
nitric acid (70%). Synthesis proceeded via a diazotetrazole intermediate which was
believed to explode from the slightest stimulus when its concentration exceeded 2% in

solution. The reaction is given in Figure 3.18.

The product was isolated as the acid copper salt of nitrotetrazole, a 1:1 mixture of the
copper salt and nitrotetrazole. This product is very sensitive and normally converted to
the more stable sodium salt. The average yield of the final product ranges between 45
and 55%, based on the starting 5-aminotetrazole. This product is insoluble in most

solvents and all attempts to recrystallise it, failed.
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3.5

Conversion to the sodium salt of 5-nitrotetrazole was done with the use of sodium

hydroxide. The sodium salt was soluble in acetone and hence recrystallized.

H
N N +=N R
N/ \7/NH2 Cu(NO,), N/ YN/ NO3
\ —_— \
N—N 4 HNO, N—N
H
diazotetrazole
o)
N o)
N W\ .
N \N \I\\l+ R * H N\o
)\ /. o)
N—cu—n i 4H,0
o—y\* /0 \N
\é) N\\ /N \\N/

Figure 3.18: Synthesis of acid copper salt of 5-nitrotetrazole

The yield obtained following this method of preparation was between 80 and 83%

(calculated on mass of the input raw materials).

Analytical Results

Infrared spectroscopy was performed on the nitriminotetrazole as well as on the
nitrotetrazole (sodium salt). The nitriminotetrazole was compared with aminotetrazole
and the two nitrotetrazole salts (sodium and copper) were compared (Figures 3.19 and
3.20).
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Figure 3.19: IR spectra for 5-nitriminotetrazole and starting material
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Figure 3.20: IR spectra of the two 5-nitrotetrazole salts

Klapétke et. al. (2009:S9) reported assignments of the peaks as shown in Table 3.3.
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Table 3.3: Experimentally determined IR frequencies with tentative vibration assignments

v (calc.,cm™)* v (exp.,cm™) Vibration assignment*
1 669 675 Y(NO2+NT-ring+Tz-ring)
2 727 732 V(N6+N7+N8)
3 765 757, 752 V(NOZ+NT-ring)
4 825 877 5(NO2)
5 1020 911,996, 1018 O(C3+N9+N8)r2-ring
6 1048 1044 O(N4+N5+C1)nT-ring
7 1086 1095 Vas(N-N)NT-ring+ w(CHz)
8 1163 1155, 1157 V(N7-N8)121ng* Yeym(CHz2)
9 1120 1263 V(N4-N5)+ w(CHb,)
10 1279 1297 v(CH2)
11 1313 1300 V(N2-N3+C1-N2)
12 1316 1319, 1326 Veym(NO2)+ V(C1-N5)
13 1415 1418 V(C2-C3)121ng
14 1451 1444 , 1450 , 1453, 1478 V(C-N+N-N)NT-ring
15 1590 1547 , 1561 , 1585 Vas(NO2)
16 3026 3189 Vas(CH2)

Vibrational mode assignment: v = stretching, & = in-plane bending, y = out — of — plane bending, w = in plane rocking, as
— asymmetric and sym = symmetric.
*(Klapétke et al., 2009:S1)

Visual inspection of nitriminotetrazole also showed a distinctive difference in the
physical structure of recrystallized nitriminotetrazole when recrystallized from water and
acetone. Nitriminotetrazole was recrystallized from water to obtain a coarse material.
Figures 3.21 and 3.22 show the differences in crystal structure and size of

nitriminotetrazole crystallised from water and acetone respectively.

100 pm EHT = 15.00 kW Signal A = NTS BSD Date 19 Mar 2013 zE1SS|
WO = 6.5mm Photo No. = 139 Time :9:26:41 |

Figure 3.21: 5-Nitriminotetrazole crystallised from water
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EHT = 15.00 kv = Date :19 Mar 2013
WO = 7.0 mm Photo No. = 138 Time :9:27:43

Figure 3.22: 5-Nitriminotetrazole crystallised from acetone

Slow evaporation crystallisation technique was used to for both the water and acetone
solutions. Since water took longer to evaporate than the acetone. The quicker
evaporating acetone might have caused nucleation of the nitriminotetrazole to occur.
This is probably the reason for the nitriminotetrazole recrystallized from acetone to be
finer than the tetrazole crystallised from water.

Summary

This chapter reviewed the manufacture of nano-porous silicon by means of dissolution
chemistry. Through the dissolution process, various nano-porous silicon samples were
prepared varying in pore volume, surface area and pore size. Section 3.3.1 showed the
effect of storage on nano-porous silicon. Additionally, Section 3.3.2 demonstrated how
the degree of oxidation influences the surface area and pore volume of the nano-
porous silicon. Nano-porous silicon’s inclination to oxidise at different temperatures has
also been shown. Section 3.3 showed that the pore volume of nano-porous silicon

decreased when the percentage of oxidation of the Si increased.

Section 3.4 demonstrated the synthesis of 5-nitriminotetrazole. Nitrotetrazole salts
proved a challenge to manufacture and laboratory scale testing was stopped for safety
reasons. Owing to constant crystal structure and shape as well as ease of
manufacture, nitriminotetrazole recrystallized from water was selected as an oxidiser in

nano-porous silicon-based explosive formulations. This is covered in the next chapter.
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CHAPTER 4

POROUS SILICON INITIATING AND PBX EXPLOSIVE FORMULATIONS DEVELOPMENT

4.1

4.2

Introduction

The structural development of npSi-based explosive compositions was actively
pursued after their explosive properties were discovered. npSi explosives formulations
appeared to have provided an acceptable alternative to lead azide as a primary
explosive in current initiating systems. Si explosives formulations can be more
environmentally friendly and do not require a complicated and expensive infrastructure
to manufacture. Despite the aforementioned advantages, large-scale application of
npSi in commercial explosives formulations has not been extensively pursued, unlike in
military applications. Section 4.2 in this chapter describes energetic formulations
utilising nano-porous silicon that has different pore volumes and surface areas.
Developments in the optimal stoichiometric oxidiser / fuel ratios, and the effects of
oxidation and ageing of the npSi on the reactivity, are also presented. Selected nano-
porous silicon explosives formulations are tested in order to identify the energetic
formulation that exhibits the best explosive characteristics. 5-Nitriminotetrazole (NT) is
also evaluated as an oxidiser. Once the nano-porous silicon explosive formulations
have been developed and suitably characterised, an acceptable polymer-bonded
explosive (PBX) base charge is developed (Section 4.3). This is needed to produce a

base charge formulation that can readily be initiated.

Nano-Porous Silicon-Based Explosive Formulation Development

Explosive formulations were prepared by mixing selective oxidisers with the nano-
porous silicon. Saturated solutions of the selected oxidiser were made by dissolving the
oxidiser in dry, high-purity acetone. Hygroscopic oxidisers were dried under vacuum at
50 degrees Celsius (°C) for 24 hours to ensure that they were dry before being used to
prepare the aforementioned solution. The solvent containing the oxidiser was added to
the porous silicon in such a manner that the selective mixtures of different oxidiser-to-
fuel ratios could finally be obtained. The mixtures were dried in an oven under a
vacuum (0.7 mega pascal (MPa)) for 3 hours at 55 °C. After drying, the powder was
removed from the oven and wetted again with an organic solvent. As the solvent
evaporated it was refined simultaneously by mechanically using a dry bone spatula.
The refining continued until a homogeneous fine powder was obtained. After refining,
the formulations were dried again in an oven to ensure that all the solvent was
removed from the powder. The powder was subsequently stored in a desiccator until it

was used.
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Figure 4.2: Optical light microscope image of npSi-based explosive formulation

Different oxidisers were used in the development of a nano-porous silicon-based
explosive formulation. The different oxidisers contribute different sensitivities with
regard to impact friction and heat of subsequent explosive formulations. The
development of a npSi-based explosives formulation was done around determining the
following:

i. Stoichiometric fuel-to-oxidiser ratio.

ii. Relative reactivity of nano-porous silicon.

iii. Optimal oxidiser-to-fuel ratio.

iv. Effect of oxidation of npSi on the reactivity of silicon-based explosive

formulations.

v. Effect of ageing of npSi-based explosive formulations.

vi. Effect of density on the reactivity of npSi explosive formulations.

vii. Burning rate of npSi explosive formulations in powder form.

viii. Pressure of npSi explosive formulations in closed vessel pressure test.
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4.2.1 Balanced fuel- to-oxidiser ratio determination

Cooper (1996:20) stated that if one mole of methane for every two moles of oxygen
was present, there would still be fuel remaining at the end of the reaction. Since that
extra fuel would not have burned, it would not have contributed to the production of
heat, but would have added to the total combined weight. Therefore, even though the
heat evolved by the reaction would remain the same, the heat evolved per unit weight
of the reaction would be lower. The fuel-to-oxidiser ratio (stoichiometric ratio) is thus
required to be balanced precisely.

Lithium perchlorate (LiClIO,), barium perchlorate (Ba(ClO,),), sodium perchlorate
(NaClO,), PETN (CsHgN4O;12), nitriminotetrazole (CH,NgO,) (hereafter (NT)) and
hexanitrostilbene (C14HsNgO1, or HNS) were selected as oxidisers to be mixed with

nano-porous silicon. The expected reactions with some of the oxidisers are given

below.

2Si + NaClO,~ 2SiO, + NaCl Equation 4.1
2Si + LiClIO, — 2SiO, + LiCl Equation 4.2
4Si + Ba(ClO,), — 4SiO, + BaCl, Equation 4.3

The reactions for PETN, NT and HNS are more complex. Explosives consisting of
carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) are referred to CHNO
explosives. When CHNO explosives react, the reactant molecule is broken down into
its individual atomic components. These atoms then recombine to form the final
products of the reaction. Cooper (1996:118) stated that in all cases, the reaction

hierarchy of the products formed could be estimated by using the following rule:

i. Allthe N form N,.

ii. All the hydrogen is burned to H,O.

iii. Any oxygen left after H,O formation burns to CO.
iv. Any oxygen left after CO formation burns to CO,.
v. Any oxygen remaining forms O,.

vi. Traces of NO, are always formed.

Following these rules the reaction of PETN can be given as

C5H3N40]_2 — 2N2 + 4H20 + 2CO + 3C02 Equation 4.4
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When Si is mixed with PETN, the silicon does not react with the PETN in the reaction
zone of the reaction. The Si reacts with the reaction products (H,O, CO and CO,)
formed during the detonation process and in the expansion zone of the reaction. The
reaction of Si with PETN can be written as:

CsHgN,O1, — 2N, + 4H,0 + 2CO + 3CO, Equation 4.5

The Si then reacts to form:

2Si + 4H,0 - 2Si0, + 4H, Equation 4.6
Si + 2CO — SiO, + 2C Equation 4.7
3Si + 3CO,; — 3Si0, + 3C Equation 4.8

The balanced equation of final reaction can thus be written as:

6Si + CsHgN4O12 — 2N, + 4H; + 6SiO, + 5C Equation 4.9

Similarly the reaction of NT with Si can be given as:

CH2N602 — 3N2 + H,O + CO Equation 4.10

Then Si reacts to form:

Si + 2H,0 - SiO, + 2H, Equation 4.11
Si + 2CO — SiO, + 2C Equation 4.12

The balanced equation can hence be written as:

2Si + 2(CH,NsO,) — BN, + 2H, + 2Si0, + 2C Equation 4.13

Similarly the reaction of Hexanitrostilbene (HNS) with Si can be given as:

C14H6N6012 - 3N2 + 3H,O + 9CO + 5C Equation 4.14

The Si reacts to form:

1.5Si + 3H,0 -» 1.5Si0, + 3H, Equation 4.15
4.5Si + 9CO — 4.5Si0, + 9C Equation 4.16
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The balanced equation can therefore be written as:

6Si + Ci4HsNgO12 — 3N, + 3H, + 6SiO, + 5C Equation 417

Note: Equations 4.9, 4.13 and 4.17 are complete reactions excluding reactions with
atmospheric gases.

The stoichiometric ratio for different npSi to selective oxidiser is shown in Table 4.1.

Table 4.1: Balanced stoichiometric ratio (fuel to oxidiser)

Balanced
Fuel Oxidiser stoichiometric

ratio
Si NaClOq4 2:1
Si LiClO4 2:1
Si Ba(ClO4) 4:1
Si C5H8N4012 6:1
Si CH2N502 2:2
Si Cl4H5N5012 6:1

Chemical reactions occur where one or more chemical species changes its molecular
configuration to a different one. A difference in internal energy between the starting and
ending chemical states can, therefore, be assumed, based on the changes in chemical
bonds. Cooper (1996:118) stated that absolute enthalpy could not be determined for a
substance, and therefore only changes or differences in the quantity could be dealt
with. To simplify calculations of heat of reaction and make those more consistent, a
standard state to which all changes in enthalpy for chemical reactions was referenced
and was arbitrarily defined. The standard state used for most engineering calculations

is defined as 25 °C and 1 atm pressure conditions.

The calculation device used to reference heat of reaction to the standard state is the
heat of formation (AH}’). The heat of formation can be considered a special case of the
heat of reaction (Cooper, 1996:118). It is the heat of reaction or enthalpy change
involved in making a particular compound or molecule from its elements, where both

the elements and the final compound are at standard state conditions.

The heat of formation for the elements and products shown in Equations 4.1 to 4.18 is

listed in the table in Appendix 4A.
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From the AH]‘?, the enthalpy change involved in a chemical reaction at standard state

can be determined. The heat of reaction (AH?) at standard state is equal to the
difference between the standard heats of formation of the reaction products and the
standard heats of formation of the reactants. AH? is obtained by Equation 4.19 given by
Cooper (1996:124):

AH2 = ZAH? products ZAH? reactants Equation 4.18

A positive value indicates the product has greater enthalpy (endothermic reaction),

whereas a negative value indicates the reactants have greater enthalpy (exothermic

reaction).

Table 4.2: Heat of reaction calculated from Equation 4.19

no Mixture Reaction products AHy 1
(kJ.mol™)
1 2Si + NaClO4 2SiO; + NacCl -1848.4
2 2Si + LiClO4 2SiO, + LiCl -1847.8
3 4Si + Ba(ClOa), 4SiO, + BaCl; -3691.6
4 CsHgN4O12 2Nz + 4H,O + 2CO + 3CO; -2651.0
4.1 2Si + 4H,0 2SiO; + 4H; -854.2
4.2 Si + 2CO SiO, + 2C -689.7
4.3 3Si + 3CO; 3Si02 + 3C -1551.6
4.4 6Si + CsHgN4O12 2N, + 4H, + 6SiO, + 5C -5710.5*
5 2(CH2Ng02) 6N, + 2H,O + 2CO -926.6
51 Si + 2H0 SiO,; + 2H; -427.1
5.2 Si + 2CO SiO, + 2C -689.7
53 2Si + 2(CH2NgO2) 6N, + 2H, + 2SiO, + 2C -2043.4*
6 C14HsNgO12 3N, + 3HO + 4CO, + CO + 9C -2428.6
6.1 1.5Si + 3H20 1.5Si0,; + 3H2 -640.65
6.2 4.5Si + 9CO 4.5Si0, + 9C -3103.65
6.3 6Si + C14HgNeO12 3Nz + 3H; + 6SiO; + 5C -6226.9*

*Total change in enthalpy for complete reaction. This change in enthalpy does not occur at once but is

generated in stages.

From Table 4.2 it can be deduced that the organic oxidisers have the highest heat of

reaction and can be expected to burn generating greater heat energy.

4.2.2 Proposed methodology for relative reactivity
To better compare the difference in reactivity of the nano-porous silicon-based

explosive formulations, a relation was developed between the noise generated by the
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reaction and the measured time to reaction. This new test method was developed to
further characterise the npSi-based explosive formulations. The method was presented
at the Institute of Chemical Technology (ICT) in Germany in 2013 and published in the
conference proceedings. The postulated argument is based on the understanding that
the louder the noise produced, the more brisant the explosive formulation is assumed
to be. The heat sensitivity of the formulation is a function of the time it took the
formulation to react upon exposure to specific thermal stimuli. A quick reaction is
indicative of a more heat-sensitive formulation. The rational relative reactivity of
formulation that produced a loud noise and a long time to reaction cannot be higher
when it is compared with a formulation that produced a loud noise and a short time to
reaction. This problem was overcome by increasing the difference between the noise
and time values in the equation. The noise was increased by power 10 (&), and the
inverse of the time (a) measurement was used. It is important to note that the
magnitude of the noise is not related to the laps in time. R, is accepted as an
approximation from a function of sound and time. This gave Equation 4.19 which is in

its current form unit less.
_ s10(1 .
R, 6 (a) Equation 4.19

Different mixtures were evaluated by exposing the samples to heat. A laboratory
hotplate was modified to produce the heat for this set of experiments. The hotplate was
modified in such a manner so that the temperature could be controlled to be within a
tolerance of £ 1.0 °C. The modified hotplate was calibrated to determine the
temperature on a specific, pre-selected position on the hotplate. This was done to
ensure that all the samples were exposed to a similar rate of temperature change.
These temperature measurements were collected by measuring the temperature inside
an aluminium cup in 5-second time intervals. The temperature of the hotplate was
400 °C.

A sample of the formulation to be evaluated was put in a specific position on the heat
source. A noise meter (decibel meter) was positioned 150 millimetres (mm) horizontally
from the sample and 140 mm above the sample. The time taken for a reaction to occur
was measured using a standard, calibrated stopwatch. This time was the time
measured from the moment the sample was placed on the hotplate to the time the
reaction was completed. This test set-up allowed for the measurement of the noise

level and the time taken for a reaction to occur. Figure 4.3 shows the test set-up.
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Figure 4.3: Hotplate set-up for the determination of relative reactivity

Variables that could influence the results include sample mass, Si-to-oxidiser ratio and
rate of temperature change. These variables were controlled by:

e Kkeeping the rate of temperature change as constant as possible,
e predetermining the Si-to-oxidiser ratio and keeping this ratio constant, and
e determining the influence of sample mass on the magnitude of the noise

reading (Appendix 4B).

The optimum sample mass that showed the least effect on the noise reading was
determined (Appendix 4B). A sample mass of between 0.030 gram (g) and 0.040 g was

used for the samples tested.

The responses obtained were scientifically defined by the following three factors: the
time to reaction, the temperature at the reaction, and the noise level of the reaction.
Time measured, for a reaction to occur, can be indicative of the sensitivity of the
formulation towards heat. Temperature at reaction refers to the temperature at which a
reaction is noted. Noise level can be related to sound over pressure (Szendrei,
2010:1). The sound over pressure can be related to the over-pressure generated by

the reaction.
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4.2.3 Determining the R, of nano-porous silicon-based explosive compositions

Sodium perchlorate, barium perchlorate, lithium perchlorate, PETN, NT and HNS were

mixed with nano-porous silicon in stoichiometric ratios. The nano-porous silicon sample
HDS-V008 (with an SSA of 176 m™?.g™ and a pore volume of 0.39 cm®.g™ (Table 3.1 in
the previous section)) was used for all samples. Table 4.3 shows the mass-to-mass

ratio between the porous silicon and the oxidiser.

Table 4.3: Silicon to oxidiser ratios on mass balance

Ratio Si Theoretical Oxidiser Theoretical Si actual Oxidiser actual
Si:Oxidiser (9) @) (@) @)

NaClOq4 1:0.50 15 3.2761 1.5069%0-0009 3.2665%0-0012
LiClO4 1:0.50 15 2.8487 1.5016%0-0010 2 84030-0009
Ba(ClOa), 1:0.25 15 4.4970 1.5022°%M | 4.4893*0%%
PETN 1:0.16 15 2.8139 1.5011%%%% | 28132700
NT 1:1.00 15 6.9617 15016 | 6.9581%%%%
HNS 1:0.16 15 4.0164 15004 | 40079

The mixtures were evaluated using the method described in Paragraph 4.2.2. A Zeis

optical microscope was used to obtain pictures of the different mixtures. The mixtures

are depicted below.

Figure 4.4:

Si:NaClO, mixture
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Figure 4.7: Si:PETN mixture

Figure 4.8: Si:NT mixture
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Figure 4.9: Si:HNS mixture

Figures 4.4 to 4.9 show that large quantities of the oxidiser crystallised outside the

pores of nano-porous silicon.

4.2.4 Oxidiser-to-fuel ratio determination
An optimal reaction characteristic is not necessarily related to a complete reaction
mechanism. In order to obtain all the potential energy stored in a chemical composition,
the need for a complete reaction is vital. When developing an explosive composition,
other factors such as speed at which the decomposition reaction occurs may be more
significant than a complete reaction (from a thermo-dynamic perspective). On revisiting
the explosive train principle, it can be understood that before developing an explosive
formulation, it is vital to understand where and how (in the explosive train) the potential
explosive formulation will be used. In replacing lead azide as a primary explosive
composition, two things need to be kept in mind: a) ignition sensitivity or how easily the
composition can be initiated, and b) power output (whether the explosive power
generated upon reaction will be strong enough to initiate the next explosive in the

chain).

In this section, nano-porous silicon with varying specific surface areas was mixed with
different oxidisers (in different ratios). To measure the difference in reaction, the noise
generated by the reaction was measured. The rationale behind this argument is nested
in the science of sound waves and compression of air. Quicker decomposition
reactions (high reaction rates) result in higher noise levels. The ratio of oxidiser to fuel
that will give the fastest decomposition reaction as related to the sound generated was
determined. Sodium perchlorate, barium perchlorate, lithium perchlorate, and PETN
were used as oxidisers and nano-porous silicon samples with specific surfaces areas
of 141, 175, 192 and 480 m®.g™ were used as the fuel.
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The mixtures were evaluated using the method described in Section 4.2.2 with the

amendment that only noise measurements were taken.

4.2.5 The effect of oxidation of nano-porous silicon on the R, of silicon-based

explosive formulations

Nano-porous silicon starts to oxidise from the moment it is prepared. This part of the
study shows the effect of oxidised porous silicon when used to manufacture nano-
porous silicon-based explosive formulations. Porous silicon membranes were prepared
from six-inch silicon substrates by electrochemical anodisation using HF-methanol
electrolyte. The thermal oxidation of powders was carried out in normal air, using an
oven with borosilicate glassware. The temperature and exposure time were varied, in
order to obtain nano-porous silicon samples that were at different states of oxidation.

The properties of the artificially aged nano-porous silicon are given in Table 4.4.

Table 4.4: Properties of oxidised porous silicon powder samples

Sample Surfage_zlarea Wit% O
(m°.g7) (EDX)
HDS - 1001 305 -
HDS - 1002 305 1.3
HDS - 1003 290 5.9
HDS - 1004 245 23.3

Explosive formulations were prepared by mixing selective oxidisers with the nano-
porous silicon. Sodium perchlorate (NaClO,) and pentaerythritol tetranitrate (PETN)
were selected as oxidisers. Saturated solutions of the selected oxidisers were prepared
by dissolving the oxidiser in dry, high purity acetone. Sodium perchlorate was dried
under vacuum at 50 °C for 24 hours to ensure that it was dry before being used to
prepare the aforementioned solution. The solvent containing the oxidizer was added to
the porous silicon in such a manner that the selective mixtures of different oxidiser-to-
fuel ratios could finally be obtained. The mixtures were air dried (through evaporation)
while being refined mechanically using a dry bone spatula. Refining continued until a
homogeneous fine powder was obtained. After refining, the formulations were dried in

an oven under a vacuum (0.7 mega Pascal (MPa)) for 3 hours at 55 °C.

The mixtures were evaluated using the method described in Section 4.2.2.
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4.2.6 The effect of ageing of silicon-based explosive formulations

The effect of ageing on the reaction behaviour of silicon-based explosives is related to
the oxidation of the mixture. In the previous section, the effect of oxidised silicon on the
reactivity of silicon-based explosive formulation was addressed. In this section the
effect of ageing of the formulation is shown through determining the relative reactivity
of the aged formulations.

To determine the reactivity of aged nano-porous silicon explosive formulations, two
different oxidisers were used to manufacture eight different explosive formulations.
These formulations were prepared as described earlier using sodium perchlorate (SP)
and nitriminotetrazole (NT) as oxidisers. The samples were stored in a desiccator for a
period of one year and tested at different time intervals. The formulations evaluated are

given in Table 4.5.

Table 4.5: Explosive formulations used in ageing characterisation

Formulation | Oxidiser (O/?Vivr:e?ge :n) % v’\\/gi*ght) OXiiiifiﬁg:nor_gt?craous
T1 NT Wax (18%) - 3:1
T2 NT Nitrocellulose (NC) (11%) - 3:1
T3 NT - - 3:1
T4 NT Wax (5%) 75% 3:1
N1 SP Wax (18%) - 1.4:1
N2 SP NC (11%) - 1.4:1
N3 SP - - 14:1
N4 SP Wax (5%) 75% 1.4:1

*Additional NT was added to the nano-porous silicon-based explosive formulation

The mixtures were evaluated using the method described in Section 4.2.2.

4.2.7 Effect of density on the thermal reactivity of the nano-porous silicon-based

explosive formulations

Only NT was used as oxidiser to prepare the nano-porous silicon-based explosives
formulation. The oxidiser-to-fuel ratio used was 3 : 1 on mass balance. The selected
explosive increment was consolidated using a hand press. Samples of the explosive
formulation were consolidated at the following densities (gram / cubic centimetre
(g.cm™), 0.71, 1.99, 2.07, 2.11, 2.22, 2.25, 2.52 and 2.60.

The mixtures were evaluated using the method described in Section 4.2.2.
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In Sections 4.2.1 to 4.2.7 of this chapter, the preparation of a nano-porous silicon-
based explosive formulation was discussed with the focus on establishing an energetic
composition. In the next section, the selection of energetic Si formulations is narrowed

down to the final formulation proposed as a lead azide replacement.

4.2.8 Burning rate evaluation
Nano-porous silicon-based explosive formulations were prepared using different
oxidisers and nano-porous silicon possessing different surface areas. These
formulations are given in Table 4.6. The oxidiser-to-fuel ratio used was aimed to be

approximately 3 : 1 on mass balance. Actual values are shown in Table 4.6.

Table 4.6: Nano-porous silicon formulations used in burning and power output
characterisation

3 . Si:
No. Oxidiser S;E}iile Surfgges_lﬁrea Si(ag°)t“a' O);I::zer O);Lciiizer
(m*.g™) (@)
1 NaClO, HDS - V009 180.00 1.5069°9%°"* | 3.2665 %" 1:2.20
2 Ba(ClO4); | HDS - V009 180.00 1.5022*00010 | 4, 489300012 1:3.00
3 PETN HDS - V009 180.00 1.5011*0%%%° | 2813201 1:1.90
4 NT HDS - V009 180.00 1.5016*0%°*" | 4.0079**%" 1:2.70
5 HNS HDS - V009 180.00 1.5004*0%°10 | 4 6306 %" 1:3.00
6 NT HDS — 1002 305.00 1.5028*0%° | 4,0083*0%°% 1:2.65
7 NT HDS — 1003 290.00 1.5017*9%°*? | 40075 1:2.65
8 NT HDS - V004 116.00 1.5021*% | 4,0071*09%° 1:2.65
9 NT HDS - V009 180.00 1.5019*9%°** | 4.0081**%*° 1:2.65
10 NT Nano Si* 0.17 1.5019*%M | 4,0081*0-%0%° 1:2.65

Nano silicon obtained from Intrinsig materials to be used as reference.

Formulations No. 1 to 5 in Table 4.6 were used in this experiment. The nano-porous
silicon-based explosive formulations were prepared as described in Section 4.2.2. The
powder was poured onto a marker plate in a slot that was 5 mm wide and 5 mm deep
with a total length of 150 mm. The markers on the marker plate were positioned 20 mm
apart (this is measured as being the distance between the markers). A FASTEC
IMAGING™ TroubleShooter™ high-speed video camera was used to capture the
burning event. Timing between markers was determined using the frames per second
data obtained from high speed imaging. An open flame was used to ignite the selected

composition.
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Figure 4.10: Burning rate experimental set-up. Marker plate (a). High- speed camera (b).
Bottom picture shows the method to ignite the test sample (c).

4.2.9 Closed-vessel pressure test
The closed-vessel pressure test was conducted to determine the pressure profile of an
npSi / tetrazole explosive formulation. The explosive formulations No. 6 to 10 in Table

4.6 were used in this evaluation.

A pressure vessel was connected to a power supply to ignite the sample. A pressure
sensor was connected to a data-capturing unit. The sample was ignited and the

pressure data was logged (Figures 4.11 and 4.12).

The pressure vessel had a sample chamber of 20 cm®. One (1) g of the explosive
formulation was poured over a high-resistance Ni/Cr wire inside the pressure vessel.
The pressure vessel was closed tightly to prevent any pressure from being lost.

66



Top lid of pressure

< vessel

<—— Body of pressure vessel

Sample chamber

N

Pressure sensor  —> -

e
— o

. . Sample
Ignition wire

<€—— Bottom lid of pressure
vessel

Figure 4.11: Schematic view of the pressure chamber

Data

Power supply recorder

Signal

converter

Pressure
chamber

Figure 4.12: Closed vessel pressure test set-up

4.2.10 Results: Nano-porous silicon-based formulation development
The results of Sections 4.2.1 to 4.2.9 are reported in this section.

4.2.10.1 Results: Fuel-to-oxidiser ratio
The relative reactivity results of nano-porous silicon-based explosive formulations
prepared to be stoichiometrically balanced (Table 4.1). Si sample HDS — V008 was

used. Results are shown below.
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Table 4.7: Relative reactivity results obtained for Si/oxidiser mixtures

Si:NaClO4 Si:LiClO4 Si:Ba(ClO4), Si:PETN Si:NT Si:HNS
Rr Rr Rr Rr Rr RI’

x10*° x10*° x10'8 x10*" x10'® x10%°

Average 2.57 2.29 7.44 2.30 1.99 4.06

Min 1.79 0.01 1.48 1.56 1.32 2.38

Max 3.06 6.85 13.40 3.86 3.15 6.88

Standard 0.37 2.29 4.83 0.70 0.55 1.44
deviation

The results of the tests conducted on explosives formulations prepared using npSi with
different surface areas are shown in Table 4.7. Three distinctive types of reactions
were observed. The reactions observed varied from a sublimation reaction (cook-off
without notable flame), a deflagration reaction, and an explosion reaction. The noise
associated with a deflagration reaction was 60 > 90 dB. Noise levels above 90 dB are
assigned to an explosion. Noise levels measured with corresponding ratios are shown
in table 4.8.

In reflecting on the results obtained in the previous section, the effect of different
oxidisers used with the same nano-porous silicon fuel is significant. Considered that
the mixtures were stoichiometrically prepared, some of the results were disappointing.
This can easily be explained when mixtures prepared using oxidisers like PETN and
NT are outperformed by the mixtures prepared from oxidisers like sodium perchlorate.
In this section Ba(ClO,4), showed a high standard deviation. This is ascribed to
inconsistent reaction behaviour of the mixture that was also observed the burning rate

evaluations described in section 4.2.10.5.

Table 4.8: The stoichiometric ratios with corresponding noise measurements

No. | Formulation | Stiochiometric Noise
ratio (dB)
1 Si:Ba(Cl0s): 1:0.25 101.30%12°
2 Si:LiCIO4 1:0.50 97.85"%%
3 Si:PETN 1:0.16 62.40"%"
4 Si:SP 1:0.50 113.40°%°

More detailed results are presented in Appendix 4C.

Table 4.9 reports the results obtained that were above 90 dB.
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Table 4.9: The effect of different oxidiser-to-fuel ratios

Ratio Si : Oxidiser
PSi Surface ) . . . ) ) ]
Sample L 1:.2.5 1:1.6 1:1.2 1.0.8 1:.0.4 1:0.2 1.0.1
(m2g™ Oxidiser that produced high noise level (dB)
Ba(ClO,),) Ba(ClOy)4) Ba(ClOy)4) Ba(ClOy)4)
Vesta
20081120 192 PETN PETN PETN
SP SP SP SP
Intrinsiq Ba(ClO,),) Ba(ClO,)s) Ba(ClO,),)
T4/S6 141
SP SP SP
Ba(ClO,)4) Ba(ClO,),) Ba(ClO,)4) Ba(ClO,)4)
Ir}t‘rll/nSSéq 480 LiClO, LiClo, LiClO, LiClo, LiClo,
PETN PETN
SP SP sP
L Ba(ClO.)4) Ba(ClO,)4) Ba(ClO,),) Ba(ClO,)a)
Intrinsiq
IM/S1 176 LiClO, LiClO, LiClO,
SP SP
Ba(ClO.)4) Ba(ClO,),) Ba(ClO,)4) Ba(ClO,)a)
Intrinsiq
BM/S1 176 LiClO, LiClO,
SP SP SP

Note: The Silicon samples used for this experiment were obtained from Intrinsiq

materials with one sample obtained from Vesta Sciences. The original nomenclature

was used as received from the suppliers and is not similar to the Si samples mentioned

earlier. Values in bold italics represent the loudest noise measured for the specific

npSi/oxidiser mixture.

4.2.10.2 Results: Effect of aged nano-porous silicon on the reactivity of npSi-based explosive

formulations

The relative reactivity results obtained from the evaluation conducted on the nano-

porous silicon explosive formulations prepared using the aged nano-porous silicon are

given in Table 4.10.

Table 4.10: R, results of npSi-based explosive formulations prepared from aged silicon

PETN-based nano-porous silicon SP-based nano-porous silicon explosives
explosives formulation formulation

Rr Rr

Sambple Time Noise Ry STD. Time Noise Ry STD.
P (s) (dB) x10"7 | dev (s) (dB) x10%° dev
x10%7 x10%

nggl‘ 32205 | 6200%% | 260 | 036 | 11.90°°%° | 105.60%% | 145 | 7.77
ngc?z_ 4.48°% | 107.26"%° | 449.00 | 1.70 9.19*0#! 104.68%° | 1.72 18.75
ng(%‘ 6.06*9% | 62.00%%% 1.38 0.19 12.07**% | 107.10**%* | 1.65 20.91

ng&‘ 9.07°% | 62002 | 093 | 011 NR NR NR NR

NR denotes no reaction
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4.2.10.3 Results: R, of aged nano-porous silicon-based explosive formulations

Relative reactivity results of the ageing evaluation of nano-porous silicon- based

explosive formulations are shown in Tables 4.11 (NT used as oxidiser) and 4.12 (SP

used as oxidiser).

Table 4.11: R, results of npSi-based explosive formulations — NT

NT formulations from Table 4.5
T1 STD.dev. T2 STD.dev. T3 STD.dev. T4 STD.dev.
R: R R R R R R R
Days | X107 X10" X10" X10" x10" X10" x10" x10"
0 1.86 0.56 13.70 2.61 33.70 11.62 14.44 1.52
5 1.42 0.58 16.70 3.95 28.50 4.74 8.41 1.69
24 1.03 0.11 2.72 0.56 20.60 1.62 4.30 0.27
31 0.69 0.08 7.92 1.07 12.90 1.7 4.13 1.4
45 1.20 0.33 5.79 0.55 18.20 5.75 4.08 0.36
75 0.18 0.01 2.82 0.20 8.06 1.78 2.10 1.05
380 0.15 0.02 0.25 0.08 0.45 0.16 5.62 1.84
Table 4.12: R, results of npSi-based explosive formulations — SP
SP formulations from Table 4.5
N1 STD.dev. N2 STD.dev. N3 STD.dev. N4 STD.dev.
R, R, R R: R, R: R, R,
Days | X107 X10" x10" X107 x10" X10" x10" x10"
0 3.35 0.59 183.00 59.80 124.00 36.20 9.00 0.98
5 1.08 0.12 346.00 25.98 77.80 11.2 11.20 2.80
24 0.43 0.05 156.00 28.78 1.89 0.29 3.04 0.47
31 0.31 0.08 62.90 11.52 NR NR 3.42 0.27
45 0.40 0.05 5.14 0.39 NR NR 3.34 0.28
75 NR NR 0.65 0.13 NR NR 1.29 0.14
380 NR NR NR NR NR NR 2.77 0.38

NR denotes no reaction
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4.2.10.4 Results: Effect of density on the reactivity of nano-porous silicon-based explosives

The results obtained are depicted in Figure 4.13.
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Figure 4.13: Schematic depiction of the relative reactivity of NT/Si mixtures with relation
to density

4.2.10.5 Results: Nano-porous silicon burning rate
Upon ignition, the nano-porous silicon explosive formulation starts to burn. This is a
controlled burn and the reaction does not build up to detonation. The low density (in
this case pouring density) of 0.5 g.cm™ + 0.1 and lack of confinement are considered to

be contributing factors to this.

Firstly, the burn rate of nano-porous silicon explosives formulations, consisting of the
same porous silicon (fuel) but with different oxidisers, was determined. Secondly, the
burn rate of nano-porous silicon explosives formulations, consisting of different porous
silicon (fuel) but with the same oxidiser (nitrotetrazole) was determined. The results

obtained are shown in Tables 4.13 and 4.14 respectively.
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Table 4.13: Nano-porous silicon explosive formulations burn rate results (same Si)

noSi npSi Burn
No. Oxidiser Sar‘;ple Surfatzze /i\rea speeg
(m°.g™) (m.s™)
1 NaClO4 HDS — V008 180 0.519%0-0%2
2 Ba(ClOs)., | HDS - V008 180 NR
3 PETN HDS — V008 180 0.016%0%2
4 NT HDS — V008 180 0.845%0-081
5 HNS HDS — V008 180 0.891*0:0%°

Table 4.14: Nano-porous silicon explosive formulations burn rate results (same fuel)

noSi npSi Burn

No. Oxidiser Sarrr)wple Surfacz:e erea speeg

(m=.g™) (m.s™)
1 NT HDS — 1002 305.00 2.930%00-%67
2 NT HDS — 1003 290.00 2.118%0-%5
3 NT HDS — V004 116.00 1.426%0178
4 NT HDS — V008 180.00 1.865%0-%83
5 NT Nano Si 0.17 0.642%0:0:%8

When the results are plotted, we can find a linear relation of specific surface area to
burning velocity.
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Figure 4.14: Linear relation between SSA of porous silicon and burn rate
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Figure 4.15: npSi/NaCIlO, burn

Figure 4.17: npSi/PETN burn

. T8

Figure 4.18: npSi/NT burn

Figure 4.19: npSi/HNS burn
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4.2.10.6 Results: Closed pressure vessel test

The results obtained from the pressure test are given below.

Figure 4.20 shows the combined pressure test results for the different formulations
evaluated. In this figure, the numbers shown as PSi 1 to PSi 5 represent the
formulations 1 to 5 in Table 4.14.
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Figure 4.20: npSi/NT combined pressure test result
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Figure 4.21: npSi/NT combined peak pressure result
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Figure 4.22: npSi/NT combined pressures onset results
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Figure 4.23: npSi/NT combined pressure results — linear portion of the pressure rise
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4.2.11 Nano-porous silicon-based explosive formulation development — Discussion
Optical microscopy shows that the oxidiser forms large crystals coated with the nano-
porous silicon. It is questionable whether there is actually any oxidiser encapsulated in
the nano-pores of the silicon. Large needle-like crystals are undesirable when
preparing explosive formulations. Such crystals are usually highly sensitive to stimuli
like impact and friction. The incorporation of grit into explosive formulations also poses
a potential risk. In general, grit refers to unwanted or foreign objects that can
contaminate explosive formulations. Examples of grit can be dust or soil that is in
contact with the explosives. The impact and friction sensitivity of explosives is likely to
increase when grit is present. In the formulations, the nano-porous silicon can pose a
potential risk as it may act not only as a fuel but also as grit in the explosive
formulation. The combination of grit and a sensitive crystal structure can render some

of these formulations unsafe for processing and field application.

On observing the reactions, two types of characteristic explosives behaviour were
noted. These are described as pyrotechnic and explosive behaviour respectively. As
per Cooper’'s (1996:34) explanation, pyrotechnics are porous; hence the convective
heat transfer due to hot gas permutation into the reactant material mixed ahead of the
reaction zone becomes important. In the case of sodium perchlorate mixtures, similar
behaviour is predominantly taking place. The larger the surface area of the nano-
porous silicon used, the higher the intensity of the noise (hence the faster the reaction
becomes). In the case of pyrotechnic mixtures, the reaction rate is not only affected by
pressure, density and temperature but also by porosity, particle size, purity,
homogeneity and stoichiometry. From Figures 4.4 to 4.9 it can be seen that the crystal
formation on the silicon as well as the crystal structure is inconsistent. The difference in
behaviour noted can relate to the differences in particle size, purity, homogeneity and

porosity.

Combining different oxidisers with nano-porous silicon influences the reactivity of the
formulation. Explosive compositions used as oxidisers (PETN, HNS and NT) performed
significantly differently from the inorganic oxidisers used. This was not only visually

noticeable but is also supported by the results shown in Table 4.7.

Stoichiometric mixtures of nano-porous silicon and sodium perchlorate are shown to be
significantly more reactive than mixtures of nano-porous silicon and PETN, NT and
HNS respectively. This is also demonstrated in Figure 4.24. When the standard

deviations of the R, results are compared, it is noticeable that the mixtures containing
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explosives as oxidisers perform less consistently compared with the mixtures prepared

using the inorganic oxidisers.
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Figure 4.24: Relative reactivity result comparison

Explosives’ characteristics can be seen where organic explosives (PETN, HNS and
NT) are used as oxidiser. A different mechanism can be responsible for the
decomposition of organic explosives. Here the silicon can act as a conductor of heat if
used in the right ratio. If heat is put into a small local volume of reactive material, the
material starts to decompose. The higher the temperature, the faster the decomposition
reaction proceeds. As the temperature in this small volume is generated, heat is
transferred (through conducting the heat) to the surrounding material. If the heat is not
produced fast enough by the reaction in this small volume, it can be transferred to the
adjacent wall material. It cools down and the reaction gets progressively slower until
the reaction reaches a point where it is likely to stop. If the reaction in the small volume
produces heat faster than it can be transferred to the adjacent material, then the
smaller volume heats up or increases in temperature progressively. This increase in
temperature speeds up the reaction rate and consequently heat is produced even
faster (resulting in a self-sustaining reaction). In the reaction of the organic explosives-
based mixtures, the organic explosives (PETN) react faster when silicon with a higher

surface area is used (Table 4.9).

Using the hotspot theory, this reaction behaviour can be explained to be a function of
the transfer of heat. In the right ratio, the Si acts as a conductor of heat; the lower
volume heats up or increases in temperature and transfers heat to the organic

explosives. The organic explosives start to burn and transfer this heat to adjacent Si
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and organic explosives particles. This reaction repeats itself whilst increasing in speed.
At a certain point the reaction becomes self-sustainable to such an extent that only the
organic explosives react by detonation. If the ratio is wrong, the silicon acts as a
semiconductor, taking up heat much faster than it can transfer it to its immediate
surroundings. This in turn prevents the organic explosives jumping from deflagration to
detonation. This is more noticeably from the density evaluations conducted and shown
in Table 4.13. When considering density in his argument the silicon contact with the
explosives increases in intimacy as the density increases. Heat is then transferred
more effectively to the explosive. The explosive starts to react and heats the silicon in

front of it. The reaction increase in speed until a deflagration to detonation is achieved.

The level of oxidation of the nano-porous silicon also affects the reactivity of the nano-
porous silicon-based explosive formulations. Canham (1997c:44) reported that that
porous silicon films underwent pronounced ‘ageing’ when stored in ambient air for a
prolonged period of time (refer to Section 3.3.2). The speed and the extent to which the
oxidation of the silicon occurs depends upon many factors such as intensity of light,
level of humidity and level of highly oxidising airborne species. Results shown in Table
4.10 demonstrate the influence of pre-oxidised nano-porous silicon on the reactivity of

the explosives formulation.

Formulations T1 to T4 and N1 to N4 were used to show the change in reactivity over
time. The relative reactivity results (Table 4.11) indicate a distinct difference in
reactivity when T1 is compared with T2, T3 and T4. Difference in reactivity was also
noted when N1 was compared with N2, N3 and N4. Nano-porous silicon-based
explosives formulations, where sodium perchlorate was used as the oxidiser, show a
rapid decline in reactivity (Table 4.12). Formulations N3 (no binder) were non-
responsive after 24 days. In an attempt to extend the shelf life of formulations N1 and
N2, different binders were used (nitrocellulose and synthetic wax). The results obtained
indicate no significant increase in the shelf life of these formulations (Table 4.12).
Formulation N4 showed a significant decline in reactivity over 380 days but not a
complete deprivation of reactivity. Nano-porous silicon-based explosives formulations
where NT was used as the oxidiser show a rapid decline in reactivity (Table 4.11). The
same binders were used in a similar attempt to extend the shelf life of formulations T1
and T2. Formulation T4 showed a significant decline in reactivity after 75 days. The
reactivity thereafter steadily increased again over the remainder of the 380 days.
Overall the nano-porous silicon explosive formulations prepared with NT tested to be

more stable over time compared with SP mixtures.
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Increasing the density of the nano-porous silicon explosive formulation (T1) resulted in
an increase in the reactivity of the formulation. This increase in reactivity is seen from a
density of 2.2 g.cm™. The increase in reactivity is achieved through both a decrease in
the reaction time and an increase in the noise level of the reaction obtained from the
test. NT / Si mixtures react faster when the mixture is at a state of higher density. Using
the hotspot theory, this reaction behaviour can be explained to be a function of the
transfer of heat. In the right ratio the Si acts as a conductor of heat; the small volume
heats up or increases in temperature and the heat is transferred to the NT / Si. The NT
/ Si starts to burn and transfers this heat to adjacent Si and NT particles. This reaction
repeats itself whilst increasing in speed. At a certain point the reaction becomes self-

sustainable to such an extent that only the NT reacts by detonation.

Burn rate changes were noted for the different oxidisers used. Pour density (that varied
between 0.97 and 1.05 g.cm® for all the samples tested), as well as the intimate
contact between the fuel and oxidiser that is used, influence the burn rate. A burning
reaction is a reaction where the burn front propagates into the unreacted material in
many ways and as a combination of these. Heat is conducted through the particles and
the particles ignite when the activation energy requirements are met. Hot gas pushed
into the unreacted material can act as a mechanism to pre-heat the particles and in
combination with the heat conducted can cause ignition. Radiated heat can cause
ignition if the unreacted material is opaque to such an extent where radiation is not
obscured. In the samples used here this mechanism is unlikely, as none of the samples
were opaque. Particle size (as exposed surface area) can influence the rate of reaction

in a manner where the burn rate increases as the surface area increases.
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Figure 4.25: Burning reaction mechanism
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In the data presented in Table 4.13 it is seen that there is a significant difference in
burning speed. A ‘No Result’ (NR) is reported for the barium perchlorate mixture. The
reason for this is that no self-sustainable burn reaction was observed when the
formulation was ignited. The mixture did however burn as seen in Figure 4.16. A
possible reason ascribed to this is that the material particles were not in close contact
with one another to ensure forward propagation of the reaction. More energy is
required than what was available. It was however noted that the barium perchlorate did
burn through the complete column when assisted by an external heat source.

Reaction area
(Burning towards unburned
powder)

Unburned powder
5 Burnt powder

Bottom of holder

Figure 4.26: Cross-section of exposed area of burn

The exposed burn length (measured length at the base of the flame) was 36.2 mm
and with a width of 5 mm gave an exposed surface area of 175 mm? When
comparing Figures 4.15, 4.17, 4.18 and 4.19, it shows the exposed burn area for
these formulations to be greater than that shown for the barium perchlorate mixture. A
sustainable burn was achieved for these formulations. The SP mixture burned fast
enough on the surface so that it reached the end of the line while the beginning of the

line was still burning. This is indicative of a very fast-burning mixture.

Figure 4.27 shows a linear decline in the reaction rate of SP/npSi mixtures with an
increase in density. Figure 4.13 show that tetrazole-based npSi explosive
formulations undergo a progressive increase in R, when the density increases. npSi /
tetrazole mixtures are therefore selected as the explosive formulation of choice in the

further development of a non-metallic explosives initiator.
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Figure 4.27: SP/npSi mixture reaction velocity as a function of density

This section has shown that the burning rate of porous silicon-based explosive
formulations increases when the SSA of the silicon increases. Because intimacy of
contact between the oxidiser and the fuel can increase the reaction rate, the oxidiser
does enter the nano-sized pours of the nano-porous silicon. If this did not happen, an

increase in the reaction rate with an increase in SSA would not have been evident.

Figure 4.20 shows the combined pressure profile of the npSiI/NT mixtures combusting
in a closed pressure vessel. From this result a pressure profile showing a steep rise in
pressure and a slow decrease in pressure can be observed. If this is broken down
into the different peak pressures, dissimilar areas under the curve are notable. Figure
4.22 enlarges the onset point of the pressure rise. This is the point or area where the
ignition of the powder occurs. Mainly three events happen in this area. First the
ignition wire heats up, then the powder starts to ignite, and lastly the powder burns.
These events are difficult to see on the pressure data presented here. What is visible
is the rate of transition. This is the area where the first rise occurs and the beginning
of the linear portion of pressure rise. In Figure 4.28 this is the area between the
pressure data (black), the point where the pressure starts to rise (point where the blue
and black line separate) and the linear portion of pressure rises (green line) (point

where the blue and black line cross).
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Figure 4.28: Area determination under the onset point of pressure rise

The area under the respective data points was determined with the help of a data
processing program called GRAPH (version 4.4.2). The calculated areas are given in
Table 4.15.

Table 4.15: Area values obtained for different npSi explosive formulations

noSi npSi Area under
No. Oxidiser Sarrl)wple Azreal the graph
(m“.g™) (Pa.s)
1 NT HDS - 1002 305.00 0.38
2 NT HDS - 1003 290.00 3.30
3 NT HDS - V004 116.00 6.44
4 NT HDS - V008 180.00 3.96
5 NT Nano Si 0.17 12.65

From the data it is seen that the npSi explosive formulation where silicon with the
higher surface area was used produced the smaller area under the data points. From
the burning velocity results it is seen that a higher SSA (for the porous silicon) induces
a higher burn rate. A possible explanation can be that the smaller surface area under

the data points is indicative of a faster reaction compared with formulations that
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4.3

showed a higher area under the data points. Hence a faster burning reaction could be
indicative of a sensitive npSi/NT explosive formulation that requires less input energy to
start burning (activation energy).

This section reviewed the manufacturing of nano-porous silicon explosive formulations
and their characteristics. Various oxidisers were used in combination with various
samples of Si. The effects of SSA of the npSi, initial state of oxidation of the Si used to
prepare the mixtures, the effect of different oxidisers, and the effect of density on the
reactivity of various formulations were shown. A novel test method, relative reactivity
(R)), was developed in this study and provided a means of creating a comparative

platform used to compare the different formulations tested.

The R, for NT is higher than PETN and HNS. Nano-porous silicon explosives
formulations prepared with NT were also shown to have a longer shelf life than
perchlorate oxidisers. Unconfined burn rate results also showed nano-porous silicon
mixed with NT to be faster than other oxidisers (although slightly to HNS mixtures with
npSi). From the results presented in this section, npSi/NT (1 : 3) formulations prepared
with nano-porous silicon having an SSA of 180 m%g™ is used in the development of a

non-metallic explosive initiator.

The next section describes the development of PBX formulations.

Preparation of PETN and RDX-Based PBX Explosive Formulations

PBX is explosives material in which explosive powder is bound together using small
gquantities of polymer (plastic) and a small percentage of additives such as plasticisers
and antioxidants (flowing agents can also be added). PBXs were originally developed
to reduce the sensitivity of explosive crystals by embedding the explosive crystals in a
rubber-like polymeric matrix. The first PBX composition was developed at the Los
Alamos Scientific Laboratories in the United States of America in 1952. The
composition consisted of cyclo-trimethylenetrinitramine (RDX) crystals embedded in
plasticised polystyrene. (Akhavan, 2011:13). Some of typical examples of PBX

formulations are given in Table 4.16.
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Table 4.16: Typical PBX formulations (a shortened list from Akhavan, 2011:13)

Explosive Binder and Plasticiser
Acetyl-formyl-2,2 dinitropropanol (DNPAF) and
AMX, RDX ' ' ponureF:haFrjwe ( !
HMX, RDX, NTO Cariflex (thermoplastic elastomer)
HMX, RDX, HNS Hydroxy-terminated polybutadiene
HMX, RDX Hydroxy-terminated polyester

Kraton (block copolymer of styrene and ethylene-
HMX, RDX, PETN

butylene
HMX, RDX, PETN Teflon (polytetrafluoroethylene)
HMX, RDX, HNS, PETN, NTO Kel-F (polychlorotrifluoroethylene)
PETN, RDX Nylon (polyamide)

The type of polymer binder and the formulation of PBX determine the properties of the
explosive product. PBX can be produced as granules for pressing, but can also be
made to have a putty-like consistency that enables the materials to be cast. The
explosive formulation must be sensitive enough to pick up from the energy generated
by the deflagration-to-detonation transition (DDT) system (described in Chapter 4).
Furthermore it should be strong enough to initiate a main explosive charge. Both

castable and pressable PBX formulations were initially explored.

In this study PETN and selectively RDX were used as the main explosive component in
the PBX formulations prepared. Particle size distribition (PSD) of all explosives was
done before commencing with the manufacturing process. The PSD was measured
using a Malvern Mastersizer with iso-propanol as the dispersant and the stirrer speed

set at 2100 rpm. The results obtained are presented below.

Table 4.17: PSD results of PETN and RDX used in PBX manufacturing

Explosives Batch No. d1o dso doo Span
Coarse PETN PETN-01 217.308 301.577 417.826 0.665
Fine PETN RPETN-01 52.492 116.737 223.523 1.465
RDX RRDX 102.902 218.995 390.964 1.316
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The following process was used to prepare a pressable PBX:

A slurry was prepared by adding the selected explosive to demineralised water and
stirring it at a speed of 500 revolutions per minute (rpm). The batch was heated to
65 °C over a water bath while stirring. The selected binder was dissolved in a suitable
solvent and added slowly to the explosive slurry. Stirring speed was increased to 700
rpm whilst maintaining the temperature of the slurry at 65 °C. These parameters were
maintained for 20 minutes to drive off the solvent. Time allowed for the solvent to
evaporate was adapted according to the type of solvent used. A cool-down period was
introduced next by turning off the heat and the stirrer. The slurry, now consisting of
water and larger granules, was allowed to cool down until a temperature of 30 °C was
reached. The granules were retrieved by means of normal filtration and washed several
times with water. Granules were then dried in an oven at 70 °C for 24 hours (the time
allocated to dry in the oven was adapted according to binder and plasticiser systems

used).

To prepare a castable PBX, the following process was used:

A binder was dissolved in a solvent. The explosive filler matrix was prepared from the
selected explosive formulation and graphite. The dry ingredients were added to the
binder matrix and stirred until a homogeneous mixture was obtained. The viscosity of
the mixture was adapted until a flow rate was obtained that suited the casting process.
Subsequently the mixture was cast into the desired shapes and cured in an oven at 70

°C. The curing time is a function of the binder system used.

A schematic description of both processes is shown in Figure 4.29 and Figure 4.30.

85



Dry ingredients Binder in solution

o Filtration

Product

Figure 4.29: Pressable PBX manufacturing process
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Dry ingredients Binder in solution

\

Forming and curing

Figure 4.30: Castable PBX manufacturing process

Various castable and pressable explosive formulations were designed and
manufactured. Explosive patrticle size, binders and plasticisers were varied in order to
change the shock sensitivity of the formulation. Colour agents were added for
identification purposes.
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Table 4.18: Reference formulations

Name Description Colour Formulation

1 PETN Coarse PETN White PETN powder
3 -
2 | RXKF 9501 RDX 95% / depsity White RDX 95%, KEL-F 5%
1.51 g.cm
3 Tetrazole 5-nitriminotetrazole Pale yellow Tetrazole powder
Blue/green

4 Cu tetrazole Copper tetrazole powder Copper tetrazole powder

Table 4.19: Pressable PBX development formulations

Name Description Colour Formulation

2| owmen | oosere | Mg | PETOLR o
3 BMW 111 - B Cc::ailrzséePPEIET'I"\lezc())/i/o/ Mglraecei:ite PETNGQrisr‘:ﬁé }érggzn 5%,
4 BMW 111 - C Cc::ailrzséePPEET'I"\lN%(())/i/o/ Mglraecei:ite PETNGQrisr‘:ﬁé }érggzn 5%,
| oo | eerem | Mo | PTG fa o
o | mwwive | ComepEios | rodues | e Ko
Bt B
8 BMW 111-G Coarse PETN Rodgm:(ne B PETNG?;);/F{it};rgtg&lo%,
o | s | ComepEa | medepies | PETLoon kg io%
of e [ cmeren | Mquie | PENE S zon
A - R
12|  BMW 130 PETN 60 / RDX 40% ROdgane B RD);’OZ,EcT;?'agﬁfeWBﬂsﬁf o
13 BMW 212 Coarse PETN White PETN 95%,0%2 5%, DCHP
e | mwwana | CFECEEU | Meen | Graphie o
15 BMW 211-B Ccl):ail;zePPEETLngo?JZ) / lerae%r;]ite PETIEI;rzEE)Oh/oi,teE(\)/g 0j,o.s%,
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Table 4.20: Castable PBX development formulations

Name Description Colour Formulation
1 THR 211 THR 211 at density Malachite PETN 95%, EVA 4.5%,
1.55g/cc green Graphite 0.5%
Malachite PETN 94.5%, EVA 5%,
2 THR 211 Coarse PETN green Graphite 0.5%
Coarse PETN 95% / Malachite PETN 95%, EVA 4.5%,
3 THR211A Fine PETN 5% green Graphite 0.5%
Coarse PETN 90% / Malachite PETN 95%, EVA 4.5%,
4 THR211B Fine PETN 10% green Graphite 0.5%
5 THR211C Coarse PETN Malachite PETN 90%, EVA 9.5%,
green Graphite 0.5%
Coarse PETN 95% / Malachite PETN 90%, EVA 9.5%,
6 THR211D Fine PETN 5% green Graphite 0.5%
7 THR211E Coarse PETN Malachite PETN 97.5%, EVA 2.0%,
green Graphite 0.5%
8 THR211F Coarse PETN 95% / Malachite PETN 97.5%, EVA 2.0%,
Fine PETN 5% green Graphite 0.5%
Malachite PETN 95%, EVA 4.5%,
9 THR 212 Coarse PETN green DCHP 0.5%
Explosives 95%, EVA 5%
Coarse PETN 70% / . X L ’
10 THR 280 Fine Cu TET 30% Light green (binder % qugstlonable)
no lecitin
Coarse PETN 70% / . Explosives 95%, EVA 5%,
11} THR287-A Fine CuTET 30% | -ightgreen lecitin
Coarse PETN 50% / . Explosives 95%, EVA 5%,
12} THR287-B Fine CuTET 50% | -ghtgreen lecitin
Coarse PETN 30% / . Explosives 95%, EVA 5%,
13| THR287-C Fine Cu TET 70% | -ghtgreen lecitin
PETN wax calcium . PETN 95%, wax 4.5%,
14 THR 313 stearate White calcium stearate 0.5%
PETN 90%, HTPB 4.75%,
15 THR 416 PETNé'jaLiﬁéDOA’ Grey DOA 4.75%, Graphite
0.5%

4.4 Test and Evaluation
These explosive formulations were developed to be compatible with the power output
of the DDT system that was developed (can be initiated with the DDT system). The
explosive formulations developed were subjected to the small-scale gap test in order to
determine the shock sensitivity of the formulations compared with that of PETN and

nitriminotetrazole.

4.4.1 Small-scale gap test
Shock initiation tests or gap tests seek to determine the effects of different materials
imposed between a detonating standard donor explosive and a receptor explosive.
Gap tests are not intended to be reliability tests (Zukas & Walters, 1998:291) although
they do give an indication of what conditions might be required to ensure a reliable

transmission of a detonation pulse. Gap tests determine the differences between
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sensitiveness and sensitivity. Shock sensitiveness tests are intended to predict the
hazards from the unintentional detonation of one explosive when exposed to the shock
from another detonating explosive. These tests are true sympathetic detonation tests,
since the stimulus is pure shock from the donor to the acceptor through the gap, which

screens out fragments.

There were a number of different gap tests: in all of them a fixed charge (donor) was
fired into a thickness of inert material that was in contact with the sample of the test
explosives (acceptor). In all of the tests the thickness of the gap material was varied so
that the tests were conducted in which the acceptor did/did not detonate (go/no-go
approach). To conduct the gap tests, the donor and gap spacers were standardised.
The different gap tests were built around different donor explosives and gap spacer

material.

The set-up for the gap test conducted in this study used a 2D detonator as the donor
charge and 10 mm x 10 mm stainless steel cards with varying thickness. The 2D
detonators contained 25 mg PETN as base charge and 150 mg LA as primary
explosive charge. The acceptor charges were prepared to fit inside a polypropylene
tube (8 mm inside diameter, 2 mm wall thickness and 10 mm high). An aluminium
witness block was used to report any detonation (go) reaction of the acceptor
explosives. A 12 mm x 12 mm square tube was used as a centring piece. The test set-

up is shown in Figure 4.31.

2D Detonator

Aluminium support

Stainless steel shims

Test explosives inside
plastic locator

Aluminium witness
block

Figure 4.31: Small-scale gap test set-up
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4.4.2 Friction sensitivity test
Throughout the life cycle of explosives the danger exists of their being subjected to
friction. This can pose great danger, especially during the manufacturing process and
when the explosive is being handled. The Julius Peters friction sensitivity apparatus is
used to determine the friction sensitivity value of the explosive.

RSA-MIL-STD-154 describes the friction sensitivity test as follows:

A sample of the explosive formulation is placed on top of a porcelain plate,
perpendicular to the surface roughness of the plate. A porcelain pin is secured onto the
top arm of the apparatus. The porcelain plate is then secured to the bottom arm of the
apparatus. The top arm is then lowered so that the porcelain pin rests on the explosive
sample on the porcelain plate. A weight is then positioned on a pre-selected position on
the top arm of the apparatus. This gives a certain force to be applied to the explosive
sample. The porcelain plate is then moved in a single back-and-fro motion. Any type of
reaction is noted, e.g. smoke, smell, noise and sparks. If a reaction occurs, the weight
and/or the position of the weight are adjusted until no reaction is obtained for six

consecutive repetitions.

Pin

Plate

Figure 4.32: Porcelain plate and pin set-up
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Figure 4.33: Friction sensitivity apparatus

4.4.3 Impact sensitivity test
The impact sensitivity test value of an explosive gives an indication of the mechanical
energy needed to initiate an explosive. To determine the impact sensitivity value of an
explosive the Julius Peters impact sensitivity apparatus is used.

RSA-MIL-STD-154 describes the impact sensitivity test as follows:

A 40 mg sample of the explosive is placed between two rollers. The rollers are kept in
position by a collar. The unit containing the explosive sample is then positioned on top
of a witness block. A selected mass (1 kg, 2.5 kg, 5 kg, 10 kg or 20 kg) is dropped from
a predetermined height onto the unit containing the explosive sample. The witness
block is then examined for a pass or fail reaction. If the explosive sample reacted, a
pass reaction is noted, if no reaction is observed, a fail reaction is noted. The height of
the weight is then adjusted according to each reaction obtained for the previously
tested sample. The adjustment is done using a logarithmic scale. The height is
adjusted upward if a fail reaction is obtained and downward for a pass reaction. This
procedure is repeated for thirty samples. The 50% ignition height can now be
calculated by using the following formula:

I=y+d [%] +0.5 Equation 4.20

+ When N = Total negative
- When N = Total positive
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50% ignition height = 101 = mm or kg.m

y = the logarithm of the lowest height where the frequency is the lowest.

d = the difference of the logarithms of the consecutive heights.

N = the total number of repetitions of the event with the lowest frequency.

A = the sum of the products i.ni. (i = numeric value given to every level where the
lowest frequency occurred. The lowest level is given the value 0 and the next level is
given the value 1, etc. ni = the number of repetitions of the event with the lowest
frequency on every level.)

| = the mean of the variant (the log. of the height).

From the 50% ignition height the Figure of Insensitivity (F of I) can be calculated by the
following formula:

Height (unknown)

F Of I= Height of RDX

X 80 Equation 4.21

Height = 50% ignition height.

Figure 4.34:Julius Peters impact sensitivity apparatus

The results obtained when using Equation 4.21 are comparative values and must not
be seen as absolute values.
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Roller

Collar

Figure 4.35: Collar and roller set-up

4.4.4 Differential scanning calorimetry (DSC)
During heating of an explosive formulation, interaction occurs between the different
components of the formulation. This interaction can make the explosive formulation
unstable. To establish if the explosive is safe for handling, the thermal properties of the
explosive formulation when subjected to normal processing temperatures must be

known.

The DSC (PerkinElmer DSC 8500) was used to determine the melting and
decomposition temperatures of explosive formulations. The endothermic and
exothermic peaks obtained provide an indication of the stability of the explosive

formulation.

RSA-MIL-STD-154 describes the DSC test as follows:

The DSC maintains the sample and reference material isothermal to each other by the
application of electrical energy. The samples are heated at a linear rate (5 °C/min) and

a curve of heat flow as a function of temperature is obtained. Any thermal event
occurring in the sample is given as a peak from the DSC base line.
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Figure 4.36: PerkinEImer DSC 8500 apparatus

4.4.5 Results: PBX-based explosives formulation test and evaluation

4.45.1 Results: SSGT
The small-scale gap test (SSGT) results are shown in Figure 4.37 and 4.38. Actual
results are presented in Appendix 4D.

2 (Striped blue bars represent BMW formulations and solid blue bar tetrazole, solid green bar
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Figure 4.37: Pressable PBX formulations — SSGT results
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1.6 - (Solid black bars represent THR formulations and solid blue bar tetrazole, solid green bar represent PETN
and solid yellow RXKF formulation )

=
>

=
N

[EnY

o
o)

Gap Thickness (mm)
o
(0]

o
D
|

Figure 4.38: Castable PBX formulations — SSGT results

4.45.2 Results: Friction sensitivity

The friction sensitivity results are shown in Figure 4.39.

(Blue striped bars represent BMW formulations, solid black bars represent THR formulations,
solid blue bar tetrazole solid green bar represent coarse PETN and solid light green bar
represent fine PETN)
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Figure 4.39: Friction sensitivity results
Striped bars represent the pressable PBX formulations and black bars represent the
castable PBX formulations
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4.45.3 Results: Impact sensitivity
The impact sensitivity results are shown in Figure 4.40

(Blue striped bars represent BMW formulations, solid black bars represent THR formulations, solid blue bar
8 - tetrazole, light green bar represent fine PETN and the solid green bar represent coarse PETN)

Joule (J)

Figure 4.40: Impact sensitivity results
Striped bars represent the pressable PBX formulations and black bars represent the
castable PBX formulations

Impact and friction sensitivity results are tabulated in Appendix 4E.

4.45.4 Results: Differential scanning calorimetry
DSC results for PETN are shown in Figure 4.41. Results for BMW 111-1 and THR 211-

F are shown in Figures 4.42 and 4.43.
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Figure 4.41: DSC results for PETN
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Figure 4.42: DSC results for BMW 111-I
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Figure 4.43: DSC results for THR 211-F

4.4.6 PBX-based explosives formulation test and evaluation — Discussions
The small-scale gap test (SSGT) results show an increase in sensitiveness with an
increase in PETN patrticle size. PBX explosive formulations using coarse PETN have a
higher sensitivity than explosive formulations using fine PETN particle. Where
combinations of particle sizes are used, the same trend is noted. The higher the load
percentage of coarse PETN particles in the powder, the more sensitive the formulation

is.

Friction sensitiveness result demonstrate a tendency of formulations to be more
sensitive as the particle size of the PETN decreases. Tetrazole formulation evaluated is

shown to be very sensitive to friction and this is expected.

Impact sensitiveness result show formulations containing coarse PETN to be
significantly less sensitive compared with formulations containing fine PETN. Tetrazole

again proved to be the more sensitive formulation. The previous three paragraphs also
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4.5

showed a decrease in binder content resulting in an increase in impact and friction
sensitivity. In an attempt to increase the shock sensitivity of PETN, a formulation was
prepared mixing PETN with copper tetrazole (THR 287 series of PBX formulations). In
the small- scale gap test formulation, THR 280 tested for the most shock sensitive
castable PBX formulation. Considering the data of Figures 4.37 and 4.38, pressable
PBX formulations (and more specifically the BMW 111 series) tested the most sensitive
to shock sensitivity (Figure 4.44). When evaluating the pressable formulations,
explosive pellets were pressed with the powders. The pellets were pressed in such a
manner to produce a density of 1.55 g.cm™.

(Blue striped bars represent BMW formulations, solid black bars represent THR formulations, solid
1.8 - blue bar tetrazole and solid green bar PETN)

Gap Thickness (mm)

SR OGN
QY s\,"’\’ $’\:\>
> S

Figure 4.44: Summary of PBX shock sensitivity data

From Figure 4.40, formulation BMW 111 — | is 47.56% more sensitive than PETN and
22.00% more sensitive than the tetrazole formulation tested. Increasing the shock
sensitivity of a formulation will ensure improved reliability when used in combination
with the developed DDT. It is however vital that such a formulation is still safe to
handle. In Figures 4.39 and 4.40, a notable change in the impact and friction sensitivity

values of the formulation is seen.

DSC results presented in Figures 4.41 to 4.43 show almost no changes in the onset
points of the explosive tested. This is indicative of no changes in the chemical make-up
of PETN when formulations were prepared. The formulations can be considered as

being stable (ingredients can be seen as being compatible with one another).

Summary
In this chapter, nano-porous silicon-based explosive formulations were prepared and

evaluated. Relative reactivity was introduced as an effective test method to measure
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the reactive behaviour of energetic formulations. Pore properties, surface area and
type of oxidiser influence the reaction behaviour of npSi explosive formulations. From
the results presented, 5-nitriminotetrazole was identified as the oxidiser to be used in
combination with npSi. npSI/NT (1 : 3) formulations prepared with nano-porous silicon
having an SSA of 180 m®.g™ could be used as a lead-free initiating explosive in the
development of a non-metallic explosive initiator.

The development of a PBX that is suitable to be initiated by a shock-to-detonation
transfer (SDT) system was achieved. Various PETN-based PBX formulations were
prepared and evaluated. From the work presented in this chapter, formulation BMW
111-1 has been identified for use in non-metallic initiators, mainly for its pick-up
sensitivity.

Chapter 5 describes the development of an explosives initiating system utilising

npSI/NT (1 : 3) formulations in combination with PBX explosive formulation BMW111-I.
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5.1

CHAPTER 5

ADVANCES TOWARDS A LEAD-FREE SILICON-BASED EXPLOSIVES INITIATING

SYSTEM

Introduction

Explosive formulations are designed to perform specific functions. These functions are
defined by the intended area of application and desired expectations. In Chapters 3
and 4 the development of new explosive formulations, intended as primary explosive
replacement as well as new base charge, was discussed. Explosives are seldom used
in application as single components because of sensitivity differences and energy
output requirements. In this chapter, the explosives developed and described in
previous chapters are combined to function as an explosive system intended to initiate

a main explosive charge.

The principle of energy augmentation is applied. In an explosive system the input
signal can take different forms:
e Electric power producing heat by Joule effect or sparks, sometimes together
with a shock wave in the device itself.
e A heat source or flame.
e Mechanical action, shock or friction, generating heat.

e Shock wave.

In the case of an initiator, this input signal is generally non-pyrotechnic in nature.
Mechanical action in the form of percussion, piercing or rubbing, and electrical action
could be used to start a detonation reaction. The resultant output signal produced by
an initiator can then be:

e aflame resulting from a combustion (or deflagration) reaction,

e a strong detonation shock wave capable of producing the detonation of high

explosives.

In this development a similar approach is followed in an attempt to increase the energy
of the new initiating system. In the assumed design the new primary explosives
developed to replace the conventional lead azide formulation should be sensitive
enough to start a high-velocity decomposition reaction (detonation) from the heat
generated by the pyrotechnic delay formulation. The new base charge should be
sensitive enough to pick up from the output signal generated by the new primary
explosive charge and be strong enough to initiate a commercial secondary explosive

charge.
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5.2

In order to develop an effective detonation system, an important characteristic, VoD,
needs to be measured. Many techniques can determine VoD; however, measurement
over a small distance (10 mm or less) remains a challenge. This chapter furthermore
describes a methodology developed as part of the research study to determine

explosive characteristics of various formulations in small-scale applications.

Characterisation of Detonation Pressure in Small-Scale Applications

For many vyears, small-scale tests have been used to determine explosive
characteristics, even though these results were largely qualitative. Explosive power and
detonation pressure are two key performance characteristics that define the reactive
behaviour of explosives. Explosive performance of an energetic material can be
influenced by numerous factors which include particle size, density, morphology and
the shape of the explosives charge. When these factors are combined with the
variations induced by the experimental test set-up, it is probable that accuracy and
repeatability may often be compromised. Experimental evidence for detonation in
confined geometry can be the depth and shape of the dent created on a lead witness
plate (Cooper, 1996:77). Plate dent tests are commonly used to compare the
performance of different energetic materials. The Floret test is an example of a plate
dent test and measures the dent produced on a copper witness plate as a result of a
detonating explosive (Gagliardi et al., 2005). The depth and shape of the cavity
produced on the witness plate are considered to be a semi-quantitative measure of the
explosive energy and detonation-spreading divergence characteristics respectively.
Further developments of the Floret test led to more quantitative results. One of these
methods focuses on indentations created by an acceptor explosive and entails a
complex data-acquisition methodology. Similarly the lead plate test produces
gualitative experimental evidence for the detonation reaction through the depth and
shape of the dent created on a lead plate (Redner, 2010). The depth of the indentation
on the lead plate (resulting from the shock wave) can be related to the pressure of the
detonation. The width of the cavity at half depth can be interpreted as a function of the
detonation wave spreading (Gagliardi et al., 2005). Indentation depth and width can

thus be correlated with the energy output of the energetic material.

In materials science, continuous indention tests permit the amount of penetration of an
indenter into a material to be measured. This penetration is a function of an applied
load and is commonly used to measure the elastic moduli of materials
(Thriruvengadathan et al.,, 2010:248). A characteristic feature of these indentation

experiments is the development of a plastic zone created in the witness plate or block.
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Thus combining the theory around the continuous indentation test and explosive
indentation test can better describe the indentation profile obtained by the detonating

explosives.

5.2.1 Experimental design
Initiators consisting of metallic shells were prepared to contain different explosive
formulations for analysis. Explosive mass was kept constant at 400 milligrams (mg).
After the explosive formulations were dosed into the shells, the explosive materials
were consolidated at different pressure intervals in order to obtain different explosive
densities. Copper shells were used as the standard carrier into which the explosive
formulations were dosed before being consolidated (Figure 5.1). A second initiator
was positioned on top of the test explosive charge. The second initiator is used to

initiate the test explosive. This test configuration is shown in Figure 5.1.

€—— Shock tube

First initiator tube (sample holder)

Second initiator

Explosives to be tested

Figure 5.1: Initiator set-up showing the explosives to be tested and the initiating
detonator

The filled initiator was then positioned on top of a 10 mm hardened sphere. This sphere
was machined to have a flat surface with a diameter similar to the outside diameter of
the initiator. The 10 mm sphere and initiator were then positioned on top of an
aluminium witness block. Aluminium grade 6082 was used as the material of choice for
the witness block.

In order to ensure that the initiator and sphere were perpendicular to the witness block,
the initiator and sphere were positioned inside a plastic holder. Figure 5.2 shows the

complete experimental set-up for conducting the ball indentation tests.
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Sample Holder

Support

Spherical indenter
holder

Witness block

Figure 5.2: Typical ball indentation set-up

The diameters of the indentations obtained during the ball indentation test were
measured using an optical light microscope. Barbato and Desogus (1986:145) referred
to optical methods used to measure the indentations obtained when performing the
Vickers and Brinell tests (indentation tests performed to measure hardness
characteristics of materials). They concluded that the effects arising from using
different optical microscopes were not taken into account and thus questioned the
accuracy of measurements taken (Barbato & Desogus, 1986:145). A multiple of
variables was present in the test set-up used in this evaluation. The mass of explosive,
the height of the explosive after consolidation, and the density were all measured to
two decimal point accuracy. Considering these parameters, the use of an optical light
microscope to measure indentation diameter was accepted as an appropriate means to

measure indentation depth.

Brinell observed that the mean indentation pressure generally increased during
penetration whereas the ratio of force-to-surface area of the indentation was nearly
constant. This proportionality coefficient depends on the work hardening of the material
giving negative values (sinking-in type impressions) for materials with high work
hardening (Richmond et al., 1974:75). The work hardening effect would thus be visible
in the profile of the impressions obtained. Raised lip impressions were obtained for all
the tests conducted (Figure 5.3) in this work.
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Assuming that work hardening did not occur in this test and that indentation pressure
generally increased with penetration, other possible effects that could influence the
indentation profile were considered to be negligible. These possible influences were
considered having no effect on the indentation profile.

Raised lip

Figure 5.3: Raised lip indentation indicating no work hardening of witness block

5.2.2 Mathematical evaluation
The methodology described in this section was developed to determine the detonation
pressure of PETN by measuring sphere indentation profiles on aluminium witness
blocks. PETN was selected as the set standard because most of its detonation
characteristics are well described in literature. The logic flow followed is given in
Appendix 5A.

Experiments performed resulted in indentations being obtained on aluminium witness
blocks. After measuring the diameters of these indentations and analysing the data, no
realistic relation could be found between the depth of the indentation and the measured
diameter. The elastic behaviour of the witness block could be the most probable
explanation for this discrepancy in the indentation diameter / depth relation. In this
study the diameter of the indentation was taken as the most accurate dimension
instead of the indentation depth. However realising the significance of indentation
depth, it was postulated that h = f(s) (Figure 5.4). From the measured diameter the
theoretical indentation depth (hereafter theoretical height) was determined. The

theoretical height (h) was calculated using Equation 5.1 (Figure 5.4).

h = %tan% Equation 5.1
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where (s) is the measured indentation diameter and (a) the top angle formed by the
triangle created by (s), the bottom length and the two sides being equal to the radius of

the indenter.

Figure 5.4: Schematic description of Equation 5.1

The theoretical height (h) calculated could be argued to be the height of the segment of
a circle. This approach allowed for the elastic deformation of the witness block and a
more realistic height could be determined.

Using the theoretical height (h) and the measured diameter (s) of the indentation, the
contact area (@) was calculated. The contact area denoted the area of contact between
the indenter (sphere) and the indentee (withess block) at maximum depth (theoretical
height (h)).

The indentation was three-dimensional and assumed the profile of a segment of a
sphere. The contact area was the area of the segment of a sphere minus the area of
the circle (top of the segment of the sphere). In Equation 5.2, (¢) denotes the
calculated contact area, (h) is the theoretical height, and (r) the radius of the measured

diameter (s).

¢ = 2nsh — nr? Equation 5.2

The indentation on a witness block could be formed when applying energy for a certain

period of time. The amount of energy and the dwell time of the sustained energy could
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contribute to the depth of the indentation observed. During a detonation process,
energy retention is normally a function of the geometry and environment of application
of the explosive in question. Different models existed that could be used to allow for
energy losses due to lack of confinement as well as other factors. The cylindrical
charge driving plate principle is a Gurney model used to determine the velocity of a
fragment accelerated from the end of a cylindrical charge as described by Cooper
(1996:391). Other models outlined velocity predictions of fragments accelerated from
unconfined and confined explosives charges (Johansson & Persson, 1970:105). The
Gurney model was the first step in determining the fragment velocity and subsequently
the time of reaction. However, the Gurney model produced questionable fragment

velocities rendering it unfeasible for the purpose of this evaluation.

Johansson and Persson (1970:106) reported that the detonation front of the receptor
charge (in this case the test explosive charge) was likely to emanate from the interior of
the charge, retaining a distance from the outer surface of the charge. This distance
would, however, be a critical value dependent on the explosive and charge diameter. In
the experimental set-up for this study, the charge diameter was approximately three
times the critical diameter of the explosive used and the initiating explosive was of such
significant mass that the transfer of initiation would happen almost instantaneously.
Based on this argument, it was claimed that the test explosive reacted fully. Hence the
duration of the reaction time (), could be assumed to be equal to the duration of the
detonation reaction of the test explosive. The time (;) of reaction, was then calculated
using the theoretical velocity of detonation (VoD;) with the actual (measured) height (he)
of the explosive column (Equation 5.3).

t= e
VODt

Equation 5.3

Using Newton’s motion equations, acceleration (w), was determined. The displacement
into the witness block, the theoretical height determined earlier (h), () was the time
taken for the reaction of the explosive to complete. (v) was the initial velocity of the
indenter and taken as nil (assuming the metal sphere was stationary upon application
of the detonation energy). The sphere changed from a stationary position to a position
where it travelled at a maximum velocity in the witness block. Hereafter it decelerated
again until it reached a point where it no longer had moved. The acceleration (w)

determined was thus a normalised acceleration over a specific time (t) and distance

(h).
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h=vt+ %wtz Equation 5.4

The force (F) that was applied during the detonation could be determined by:

F=Mw Equation 5.5

(M) was the mass of the sphere in kg, (w) was the acceleration obtained from equation

5.4. The detonation pressure (P) in Pascal was determined by Equation 5.6.
F .
P= " Equation 5.6

5.2.3 Results
PETN charges of different densities were prepared and fired on a witness plate.
Densities of the PETN were calculated using mass of the PETN divided by the volume
the PETN occupies. The indentation diameters of 35 repetitions of different densities
evaluated were measured. Actual results obtained are shown in Appendix 5B. The
average results obtained are given in Table 5.1.

Table 5.1: Indentation diameters of witness plate on charging PETN at different densities

Density Indentation diameter
(g.cm™) (mm)
1.0310.02 5.5010.04
1.2110.02 5.6410.09
1.3010.04 5.8710.06
1.3310.04 5.9210.08

1 5110.04 6 2310.10
1.66*:0.05 6.42i0'08

Density ranges of 1.10 to 1.60 g.cm™ were intended but measured densities after filling
varied as shown in Table 5.1. A linear relationship between indentation diameter and

density was observed (Figure 5.5).
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Figure 5.5: Indentation diameter as a function of explosives density

To determine the VoD at selected density the Urizar equation (Equation 5.7 (Cooper,
1996:77)) was used.

VoD = 1.5 + p (“22me=25) Equation 5.7

PTMD

This gave theoretical VoD at the different densities. Theoretical maximum density
(TMD) and related detonation velocity were obtained from Cooper (1996:79). The
theoretical maximum density for PETN is 1.78 g.cm™ and the related VoD is
8.59 km.s™. Theoretical VoDs were calculated and are given in Table 5.2. The data had
shown a linear relationship between density and VoD. This VoD was used to determine
the related detonation pressure according to Equation 5.8 as described by Cooper
(1996).

_ (»vop?

P =" Equation 5.8

The related detonation pressures are shown in Table 5.3. This data is used later as

reference to describe the Ballistic Ball Indentation (BBI) model.
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Table 5.2: PETN density and related VoD according to the Urizar equation

(Dg‘?zrsr:_t% (k\r/no.g'l)
(Calc.)
1.03*09 5.60
1.21*0% 6.32
1.300% 6.68
1.33*0% 6.80
1.51*0% 7.52
1.66"0% 8.11

Table 5.3: PETN detonation pressures related to VoD

Densit VoD Detonation pressure

Yy (km.s™?) (GPa)
(g.cm™) .

From Urizer eq. (Calc.)

1.03%002 5.60 8.08
1.21*002 6.32 12.08
1.30%0% 6.68 14.49
1.33%004 6.80 15.36
1.51%00 7.52 21.32
1.66%0% 8.11 27.31

5.2.4 Postulated mathematical methodology — Results
Indentations obtained on aluminium witness blocks were measured using an optical

light microscope (Zeiss Discovery). The indentation diameters were used in Equations

5.1 to 5.6 in order to reach a pressure. Results are shown in Table 5.4.

Table 5.4: Postulated methodology results

Height Contact Time Deceleration Force FrEsELTE

Densit;/ (rr?) area (calc.) (s) (calc.) (N) (Pa)
(g.cm™) « 10° (m? (calc,) (m.s) s x 10°

x 10° X 10° ' ' (calc.)
1.03%02 0.824002 2.8 0.195 433.66 1.64 57.9
1.21%002 0.871%02 3.1 0.154 733.45 2.79 90.3
1.30%0:04 0.952%0:02 35 0.137 1017.62 3.87 110.1
1.33%0:04 0.970%%%2 3.6 0.132 1121.95 4.26 118.1
1.51%0:04 1.080%%%? 4.3 0.103 2047.46 7.78 182.5
1.660% 1.164%002 47 0.083 3349.59 12.72 271.4
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When determining the pressure given by Equation 5.6, it was found that it differed from
the theoretical detonation pressure given by Equation 5.8. The reasons for this could
be ascribed to many factors. The profile of the ball was seen to have the biggest
influence in creating a crater or indentation in the witness block. Another area of
concern was the actual indentation. It was not clear how much material had deformed
and how much influence the elastic region of the plate had on the actual profile that
was measured. Deformation of the ball was also to be expected. From this it was
evident that energy loss due to experimental process was inevitable. In order to
compensate for this, a more holistic approach was adopted instead of scrutinising

every parameter.

First, the theoretical detonation pressure was divided by the pressure obtained from the
experimental indentation diameter and by doing so a correction factor was obtained for
each PETN sample at different density that was evaluated. The results are shown in
Table 5.5.

Table 5.5: Correction factor related to density

. Theoretical Correction
. Experimental
Densntgl pressure pressure factor
(g.cm' ) (MPa) (PCi) 3
(GPa) X 10
1.66%0% 0.271%0:0% 27.31 9.9383
1.51%00 0.183*00° 21.32 8.5630
1.33%004 0.118%001 15.36 7.6886
1.30%0% 0.110*012 14.49 7.5979
1.21%002 0.090%0:0° 12.08 7.4733
1.03%002 0.058%0:0% 8.08 7.1583

This data was plotted and the polynomial function (y) (Equation 5.9) was determined

using a graphing program (GRAPH version 4.4.2).

BBI = (3.6752 1076 « x?) — (4.1080 « 1075 * x) + 0.000122 Equation 5.9
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Figure 5.6: Correction factor as a function of density
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Figure 5.7:

Equation 5.6 was rewritten to include the correction factor as Equation 5.10 and can

now be used to determine the detonation pressure (CJ pressure) of PETN

5.8 6 6.2
Indentation diameter (mm)

6.4

Correction factor as a function of indentation diameter

experimental indentation diameter.

P

F
,p/y

where

Equation 5.10
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5.3

F=Mw

¢ = 2nsh — r?
y = (3.6752 * 107° x x2) — (4.1080 * 10™> * x) + 0.000122

(x = the indentation diameter)

Table 5.6: Corrected detonation pressures

. . o
Densit Experimental Thfeosrse&'feal Corrected L Dﬁ\éﬁnon
y pressure p pressure .
(g.cm™) (MPa) P (GPa) theoretical
(GPa) pressure
1.660%° 0.271%09% 27.31 27.85 1.94
1.51%004 0.183*0:01° 21.32 20.94 1.76
1.33%004 0.118%0:014 15.36 15.52 1.03
1.30%0%4 0.110%00*2 14.49 14.69 1.36
1.21%002 0.090*001° 12.08 12.51 3.44
1.03*002 0.0580® 8.08 8.00 0.99

A method has been successfully developed in this study to determine selected

detonation parameters of new and existing explosives formulations.

New Intermediary Detonation Transfer System

Development of an intermediary detonating transfer system (IDTS) has been designed
in this study to replace the conventional lead azide-containing detonator systems. A 2D
detonator was used as reference since this was one of the smallest commercial
detonators. The 2D detonator nominally contains 150 mg lead azide and 22 mg PETN

in an aluminium shell.

Nano-porous Si-based explosive compositions in combination with nitriminotetrazole
were used as main explosive components for this system. The aim of this IDTS was to
reliably initiate a secondary explosive system used as base charge in the novel non-

metallic initiating system.

It is important to highlight here that in Chapters 3 and 4 the development and
evaluation of different lead-free explosives formulations were described. Chapter 5
builds on various results progressing towards a lead-free initiating system. Table 5.7

gives the npSi explosive formulation used in this part of the development.
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Table 5.7: npSi Explosive formulation

Description

Development name STX101
P (Silicon Tetrazole Explosives 101)

Formulation npSi / nitriminotetrazole
SSA of npSi (m%.g™) 180
Ratio (Oxidiser Fuel) 1:3
Relative Reactivity (R;) 9.93 x 10"
Relative reactivity at a density of 3.0 g.cm™ 983.0 x 10"/

5.3.1 Experimental approach
The IDTS consisted of a non-metallic casing filled with explosive formulation
composition STX101 at different densities. This was combined with nitriminotetrazole
explosive formulations. The aim of this experiment was to determine if the newly
developed IDTS could reliably initiate an RDX-based polymeric explosive (RXKF).

The sample holder contained three increments of explosives. The first increment was
STX101, followed by two increments of nitriminotetrazole. The explosives were filled
into a plastic body PA6/PA66 that was cross-linked with irradiation (PTS-creamide-
A/B). The filling geometry is outlined in Figure 5.8.

(@) (b)

Figure 5.8: IDTS filling geometry (a) — STX101 first increment (b-1) and nitriminotetrazole
the bottom two increments (b-2 and b-3)

The filled casing containing the explosives was then placed on top of an RXKF
explosive charge. The IDTS in this set-up was the donor charge and the RXKF was the
acceptor charge. The combined configuration was placed on an aluminium witness
plate (Figure 5.9). The IDTS was placed inside a polymeric body to assist with ignition
from different energy sources. The IDTS was initiated with input energies provided by:
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e Fusehead
e Pyrotechnic delay element
e Shock tube

Angled aluminium was used for this to witness both the bottom output and side output

of the explosive configuration.

<€—— Angled aluminium witness plate

IDTS

RXKF acceptor charge

Figure 5.9: Initiation transfer test set-up showing the RXKF acceptor (bottom) and IDTS at
the top

Fusehead Delay element Shock tube

Figure 5.10: IDTS methods of initiation
(Fusehead — left; Delay element — middle; shock tube —right)
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Body
Shock tube

Delay element

Fuse head

IDTS

RXKF acceptor

Figure 5.11: Typical set-up of a complete transfer test

5.3.2 Results and analysis
Results obtained are shown in Table 5.8. For the transfer system to pass the test, a
clear indentation on the witness plate was established as a reference point.

Figure 5.12: Transfer test results
A typical fail result (a) and a typical pass result (b)
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Table 5.8: IDTS transfer test results — fuse head initiated

s Explosive Density Explosives mass No. of Pass
increment (g.cm'3) (9) repetitions %
STX101 1.00 -1.09 0.041 - 0.042
1 Tetrazole 1 1.90 -2.00 0.075 - 0.080 10 0
Tetrazole 2 1.40-1.50 0.013-0.014
STX101 1.45-1.55 0.040 - 0.041
2 Tetrazole 1 1.70-1.80 0.074-0.075 10 30
Tetrazole 2 1.60-1.70 0.034 -0.035
STX101 1.50-1.60 0.023 -0.024
3 Tetrazole 1 1.45-1.50 0.075-0.076 10 100
Tetrazole 2 2.10-2.20 0.050 - 0.060

Table 5.9: IDTS transfer test results — delay element initiated

s Explosive Density Explosives mass No. of Pass
increment (g.cm™) (@) repetitions %
STX101 1.00 -1.09 0.041 -0.042
1 Tetrazole 1 1.90 - 2.00 0.075 - 0.080 10 0
Tetrazole 2 1.40-1.50 0.013-0.014
STX101 1.45-1.55 0.040 - 0.041
2 Tetrazole 1 1.70-1.80 0.074 - 0.075 10 10
Tetrazole 2 1.60-1.70 0.034 - 0.035
STX101 1.50 -1.60 0.023 - 0.024
3 Tetrazole 1 1.45-1.50 0.075-0.076 10 100
Tetrazole 2 2.10-2.20 0.050 - 0.060

Table 5.10: IDTS transfer test results — shock tube initiated

Tests Explosive Density Explosives mass No. of Pass
increment (g.cm’3) (9) repetitions %
STX101 1.00 - 1.09 0.041 - 0.042
1 Tetrazole 1 1.90 — 2.00 0.075 - 0.080 10 0
Tetrazole 2 1.40 - 1.50 0.013-0.014
STX101 1.45-1.55 0.040 - 0.041
2 Tetrazole 1 1.70-1.80 0.074 - 0.075 10 0
Tetrazole 2 1.60-1.70 0.034 - 0.035
STX101 1.50 - 1.60 0.023 - 0.024
3 Tetrazole 1 1.45-1.50 0.075-0.076 10 100
Tetrazole 2 2.10-2.20 0.050 — 0.060

5.3.3 Ballistic ball indentation test
Determining detonation characteristics in small-scale environments is challenging and
somewhat difficult to achieve without comprehensive equipment. The method

described in Section 5.2 aimed at providing a means to determine selected explosive
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5.4

characteristics by a small-scale test method. This method, however, was limited for the
tests conducted with the IDTS and a 2D detonator, as the explosive mass of the two

samples differed. Indentations were obtained and diameters were measured.

5.00

4.95
— 4.90 -
£ 4.85 -
T 4.80 -
® 4.75 -
4.70 -
4.65 -
4.60 -
4,55 -

4.94

B
N
=

lamete

D

2D Indentation IDTS Indentation

Figure 5.13: 2D and IDTS comparative indentation diameters

The indentation diameters obtained were measured and compared. The indentation
diameters had shown a difference of 4.65%, which certainly could be significant. When
the explosive masses were compared, a total of 0.150 g for the IDTS and a total of
0.172 g for the 2D detonator were obtained. This translated to a 12.8% difference in

explosive mass.

IDTS constructed of npSi-based explosive formulation and nitriminotetrazole proved to
generate adequate energy output with regard to detonation pressure to reliably initiate
an RXKF base charge. STX101 consistently picked up from different energy inputs,
and reliably initiated an acceptor charge even though it had 12.8% less explosive than
the comparative 2D system. The newly designed IDTS can thus be utilised as a pick-up

charge in an initiating system.

Detonator Base Charge Explosives

Formulation BMW 111-1, as discussed in Chapter 4, was used in this evaluation. The
formulation was pressed at different densities and evaluated with the BBI test
developed in this study. Chapter 4 had shown that this formulation was less sensitive to
friction and impact than the original PETN used as base charge in traditional initiating

systems. It also had shown improved pick-up sensitivity when compared with PETN.
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Table 5.11: BMW 111-1 formulation

Description

Development name BMW 111-I
PETN 97.5%
Formulation Kraton 25%
Graphite 0.5%

Identification

Malachite green

5.4.1 Ballistic ball indentation test

A similar experimental set-up explained in Section 5.2 was used. Indentations obtained

on aluminium witness blocks were measured, using an optical light microscope (Zeiss

Discovery). The indentation diameters obtained were used in Equations 5.1 to 5.6 in

order to calculate a pressure. Results are shown in Table 5.12.

Table 5.12: BBI results for composition BMW 111-I

) ) Contact ) )
Density Height Time Deceleration Force Pressure
area
2z
m S - Pa
. (m) o) i (m.s?) N o)
(g.cm™) 3 (calc.) (calc.) (calc.)
x 10 5 P (calc.) (calc) 3
x 10 x 10 x 10
1.05%0%02 0.783 0036 2.6 0.213 345.80 1.31 49.68
1.31%004 0.915 *00%5 3.3 0.144 877.25 3.33 100.52
1.53%004 1.026 *00%8 3.9 0.109 1722.83 6.55 16.72
1.69%00 1.103 0077 4.3 0.091 2666.81 10.13 23.37

Equation 5.10 was subsequently used to determine the detonation pressure (CJ

pressure) of composition BMW 111-1 by obtaining its indentation diameter. Results are
shown in Table 5.13.

Table 5.13: Corrected detonation pressures according to Equation 5.10

Densit Experimental Corrected
y pressure pressure
(g.cm's) (MPa) exgy
1.05% %02 0.0500015 6.73
1.31%004 0.100*09*2 13.73
153i 0.04 O-16710.015 2075
1691 0.05 0.23310.025 26.21
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Figure 5.14: Detonation pressures (calculated) for PETN and composition BMW 111-|
according to BBI

It is clear from Figure 5.14 that composition BMW 111-1 has a lower detonation
pressure than PETN. The use of inert binder systems does affect the detonation
velocity and detonation pressure negatively. Although the detonation pressure is lower
for BMW 111-1 compared with PETN, the difference is not that significant. On an

average, a difference of 8.3% was calculated.

Summary

The BBI methodology described in Section 5.2 showed good results in this application.
This paves the way to calculate other explosives characteristics such as detonation
velocity at different diameters as well as the influence of the casing material on the rate

of reaction. This will be addressed in the next chapter.

Explosive formulations described in Chapter 4 were used to construct a detonation
transfer system. IDTS constructed of npSi-based explosive formulation and
nitriminotetrazole were shown to produce similar output energy upon detonation as the
2D detonator (according to the BBI test). The newly designed IDTS can effectively
initiate a plastic bonded base charge and can therefore be used as a pick-up charge in

an initiating system.

Chapter 5 has shown that STX101 and BMW111-l can be used to construct an

effective explosives train. This explosives train is to be used in a non-metallic casing.

In Chapter 6 non-metallic casing developments are discussed.
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6.1

CHAPTER 6

NON-METALIC DETONATOR CASING DEVELOPMENTS

Introduction

Aluminium and copper shells are traditionally used as casing materials in detonator
design. These materials are used in shell casing design for ease of manufacturing,
material cost, compatibility with detonator assembly technology, and to a lesser extent

for confinement.

Typical construction of an aluminium shock tube detonator is shown in Figure 6.1. Two
configurations are normally used, namely, an out-hole detonator and an in-hole
detonator. When used together, a detonating system is formed. In-hole detonators are
used to initiate explosives inside a blast hole in mining operations. Out-hole detonators
are used to initiate the shock tube lines connecting different blast holes. A generic
detonator system consists of an out-hole detonator that is connected by a piece of
shock tube (can vary in length) to an in-hole detonator (Figure 6.2). The out-hole
detonator is responsible for conveying the signal (flame and shock) in the shock tube to
the next detonator system. This is done by connecting shock tubes (acceptor shock
tubes) to the out-hole detonator in a clip specifically designed to hold both the acceptor
shock tubes as well as the out-hole detonator. A number of shock tube systems are
connected to a single out-hole detonator.

Shock tube
(input signal)

Rubber plug

+
g

-

Aluminium shell

|

Chemical delay
(inside aluminium
holder)

N
v

Primary explosive

Base explosive

CO©® am Plastic clip

()—\ p

(a) (b)

Figure 6.1: Schematic diagram of conventional aluminium shock tube detonator systems.
Detonator (a) shows an in-hole detonator and (b) an out-hole detonator
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The detonator system functions as follows: An initial shock tube lead-in is initiated with
a detonator. Heat and shock are generated by the reacting HMX/AI inside the shock
tube. This energy then propagates into a detonator that is connected to the end of the
shock tube lead-in line. This detonator is connected to the first detonator system of the
blast between the out-hole and in-hole detonators. When the lead-in detonator
detonates, it initiates the shock tube of the first system. The energy is carried to the first
set of in-hole detonators and simultaneously to the first set of out-hole detonators. Out-
hole detonators have a shorter time delay than in-hole detonators to prevent the
primary blast from damaging the shock tube blast line. Proper blast design and an

effective blast is thus reliant on the functional reliability of the detonators used.

From lead-in line

First system \ ‘ I —

F  — )

£ — —

[ — )

n | IH“_
—

Figure 6.2: A typical detonator system as applied in a mining explosion

Detonator design is built on a solid foundation based on knowledge of explosives and
required behavioural characteristics. Explosives’ characteristics are influenced by their
chemical properties, physical properties and immediate surroundings, e.g., casing or
encapsulation. These characteristics influence the reaction velocity of the explosive
(velocity of detonation (VoD)) and ultimately the detonation pressure. Cooper (1996:69)
show a momentum equation that predicts the Chapman-Jouguet pressure (P) of most
explosives within an accuracy of 7%. This momentum equation factors in VoD (D) and
density (po) to determine Py;.

2
P, = % Equation 6.1
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6.2

6.2.1

The density and diameter of the explosive charge influence VoD and detonation
pressure. An effective detonator design is the optimal combination of density and
diameter of the explosives charge (considering the effect that confinement or casing
the explosive charge is used in has on these parameters).

In this chapter an alternative non-metallic casing design has been proposed. Various
tests were performed to determine and evaluate selected casing characteristics. An
axial ribbed-shaped design was used to influence the detonation wave characteristics
to induce optimally initiation of the main explosive charge.

Detonator Casing Design: Basic Criteria
Each component in the detonator design has specific functions. The detonator shell
provides containment, the rubber plug provides sealing, the shock tube provides the
input energy, pyrotechnic mixtures provide the chemical delay and the explosives
provide the output energy. An alternative non-metallic design must exhibit the same
features. The following components are required to be evaluated / modified in
optimising casing design:

e Shock tube holder

¢ Main body

e Shock tube connector clip

e Booster casing

Materials evaluation

Materials can influence the performance behaviour of explosives. Steel confinement
increases the velocity of detonation and is well described in literature (Cooper, 1996;
Souers, 1997). Confinement effects using non-metallic materials appear to be less
intense. Explosive behaviour can be manipulated buy its environment. An
understanding of explosive behaviour as a function of length and VoD fluctuations
when confined with aluminium, copper, and selected polymeric materials was reached.

The results obtained enabled the project to choose a suitable material for construction.

6.2.1.1 Optimal explosives column length evaluations

Explosives require a certain distance to reach stable detonation. Such distance is
influenced by the diameter and the density of the explosive charge. Additional to this,
the reaction zone length of explosive formulations also influence this distance. The
relationship between detonation velocity, diameter of the charge, and reaction zone
length as defined by Equation 6.1, was first described by Eyring (1980:2358). Reaction
zone length (a) refers to the thickness of the layer in which the chemical reaction takes

place. The reaction zone length is obtained by plotting the detonation velocity of
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unconfined explosives charges (D,) against the explosive cylinder’'s inverse radius
(y=1/Ro) in mm™ as described by Souers et al. (2004:19). Further to this, Souers et al.
(2004:19) stated that this plot became the standard display of the size effects with
specific reference to diameter. Cooper (1996:280) added that the detonation velocity
asymptotically approached a constant value as the diameter of the explosives charge
(d) became larger. This could continue until an ideal detonation velocity or infinite
diameter detonation velocity (D.) was obtained.

3—: =1- a% Equation 6.2

The reaction zone length is required to determine the effect of confinement on the
velocity of detonation of a confined explosives charge (this is described in the next
section of this chapter). It is however difficult to determine the reaction zone thickness
from experimental data obtained by the diameter relation because of manufacturing
challenges. These include manufacturing of explosive pellets of various diameters,
varying from very small to extremely large (to a point where stable and repeatable
detonation velocity is obtained). An alternative approach is required to determine the
reaction zone length as the capability to manufacture explosives at various diameters is

lacking.

Scope

The purpose of this section is not to evaluate differences in withess materials’ response
when exposed to the energy generated by the reacting explosives, hence material
properties are not part of this evaluation. Witness block material is kept constant and
the profiles obtained are accepted to be influenced by the energy fluctuations of the
explosives column only. Along with these constraints, explosive pellets with a diameter
of 7.88 mm were used. This diameter was chosen as this is sufficiently above the
critical diameter of the explosives formulation (4.0 mm < critical diameter > 5.0 mm
identified for this study (Johansson & Persson, 1970:107; Dobratz, 1985:8-17).
Although the critical diameter is not known, pre-work towards this study showed
reliable detonation in column thicknesses as low as 2 mm, hence the literature value of
4-5 mm was accepted. Moreover, this diameter could be achieved from existing tooling

and was largely compatible with available manufacturing capability.

Analysis
a) Method
To determine the influence of explosive column length on the indentation profile on the

aluminium witness block, seven different charge lengths were tested. Identifying the

optimal means of initiation was crucial, as this would influence run-up distance to
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optimal detonation velocity at specific explosives’ column length (Dy) in the particular
geometry. When working in small diameters with length over diameter ratios <1, it was
important to ensure that the initiator used did not contribute to the indentation obtained
in the witness block. Pre-work conducted identified a detonator with low explosive
content as the optimal initiator to be used for this type of evaluation. This detonator
contained 0.03 g of pentaerythritol tetranitrate (PETN) and 0.160 g of lead azide. The
experimental set-up entailed cylindrical RXKF explosives charges, varying in length
from 1.99 mm to 30.03 mm, tested on aluminium witness blocks. Each charge was
placed vertically in the centre of an aluminium block. A detonator was placed on top of
the explosive charge. Post-test, the indentation diameters (d;) and indentation depths
(Ig) of the profiles were measured. A similar set-up was used to measure (D,) in

conjunction with the break wire method to detect time intervals.

Figures 6.3 and 6.4 show the test configuration and the average properties of the

different configurations are shown in Table 6.1.

Figure 6.4; Experimental test set-up showing the 2D initiator (a), and the test explosives
(b) on top of the aluminium witness block (c)
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Table 6.1: Explosive column height evaluations — Properties

Explosive RXKF
Sample Height Diameter Mass Density Iid

(mm) (mm) (mg) (g.cm™) ratio
A 19994 | 7.88*°% | 161.02"* | 1.66*°" 0.25
B 3.01°%% | 7.88*°% | 243.55"%% | 166" 0.38
C 425 | 7.88%% | 343.62""% | 1.66"" 0.54
D 7.517°% | 7.88*°% | 607.40°" | 1.66™" 0.95
E 15.029% | 7.88%0% | 1215.35*°% | 1.66"0" 1.91
F 22.597% | 7.88"0% | 1827.87**% | 1.66"% 2.87
G 30.03°% | 7.88"%® | 2429617 | 1.66™" 3.81

b) Results

Indentation diameter results obtained as well as the indentation depth results are

shown in Table 6.2.

Table 6.2: Explosive column height evaluations — Results

Sample I/d Indentation depth Indentation Diameter
ratio (mm) (mm)
A 0.25 1.34%01 10.27*9%°
B 0.38 1.39%%1° 10.74*%%°
C 0.54 1.81%%1° 12.14*04
D 0.95 2.42°%%7 13.34*0%
E 1.91 2.92%00° 14.21*0°
F 2.87 3.06"0% 1426
G 3.81 3.06"01° 14.65°

The indentation profile was caused by the power of the explosives which was related to
the detonation velocity of the explosives. It was argued that the detonation velocity
asymptotically approached a constant value as the height of the explosive column
became longer. As the indentation depth and diameter approached a constant profile,
constant power output of the explosive was accepted. From a constant power output a
constant detonation velocity can thus be anticipated. As is the case with detonation
velocity related to infinite diameter (D.), the same argument applied to detonation
velocity at infinite height. Table 6.2 has shown that indentation diameter and

indentation depth approach a constant value at I/d ratios that are >1. A plot of di/H.
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(Figure 6.5) shows that the indentation diameter approaches linearity for explosive

column heights greater than 15mm (or I/d ratios that are >1).
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Figure 6.5: Indentation diameter as a function of explosives’ height

At the linear section (Figure 6.5) the detonation velocity is by and large constant for the
specific density, hence in this region it can be expected that the reaction zone length
should be constant. The slope of the linear section of the indentation vs explosives
column height plot can not be accepted as a function of the reaction zone length (as
this is purely indentation data).

—--— y=-0.2395%x + 8.3783
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Figure 6.6: Detonation velocity as a function of 1/(H./d;) ratio of the explosives column
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Detonation velocity vs 1/(He/di) plot (Figure 6.6) also shows a linear section (where the
detonation velocity approaches steady state) and the slope of this section is likely to be
a function of the reaction zone length. The new value for (a), now (ay), is determined to
be 0.2395. Souers (1999:7) reported a reaction zone thickness of 0.22 mm for RDX at
a density of 1.67 g.cm™. Infinite diameter detonation velocity (D..) in this approach was
adopted to be equal to the detonation velocity at the theoretical maximum density
(Drmp)- This was also verified by cross-calculating detonation velocities from literature
data. Dnyp for the explosives composition used in this evaluation (RXKF) was 8.635
km.s™ with a corresponding theoretical maximum density (prwp) of 1.82 g.cm™. Using
the Urizar equation (Equation 6.3), (D,) was calculated to be 8.359 km.s™ for a column
with a density of 1.66 g.cm™.

D,=550+p (—D°°‘5'5°)

PTMD

Equation 6.3

This correlated well with the actual measured detonation velocity average of 8.373
km.s™. Since this work is conducted at a specific diameter and detonation velocity has
been measured, Equation 6.2 can therefore be used to calculate («). A value of 0.2391
is obtained for (a). This value for (a), compared very well with (a;), described earlier as
being 0.2395.

From Equation 6.2, using (a), the detonation velocity for other diameters can be
plotted. When (a;) is used and values in Equation 6.2 are replaced with height instead
of diameter, a slight jump in the curve is observed (Figure 6.7; “VoD from Equation
6.2”) compared with “VoD from new (I/d)”). The plot with values obtained from Equation
6.2 shows slightly higher values. However corresponding data with the new reaction
zone thickness can be considered comparable to the reaction zone thickness
determined from explosive column diameter values. Equation 6.2 cannot be used for
values with I/d <1 (Figure 6.7).
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Figure 6.7: Detonation velocity plot from Equation 6.2 with experimental data

Using the data from Table 6.1, an empirical relationship has been derived describing

(Dy) to indentation depth (Equation 6.4).

-1
%]~ =0.1061+ (in H,) + 1.3901 Equation 6.4

This equation describes the detonation velocity at column length for He/d; <1 and also
for He/d; >1. In Equation 6.4, the following variables are catered for: the detonation
velocity at height, the explosives’ height and the indentation diameter obtained from

experimental data. Results obtained from Equation 6.4 are shown in Table 6.3.

Table 6.3: Calculated and measured VoD values from test data

) He Dy
H d HJd Exploswes. For Detonation Calculated Dy
3 i o column density A

measured velocity From measured

measurements Eq. 6-4

(mm) (mm) (g.cm™) (mm) (km.s™) (km.s™)

1.99%%4 | 10.27%% | 025 7.019
3.01%% | 1074 | o0.38 1.66001 3.40 7.127 7.393%0-106
425501 | 12.14*% | 054 1.66001 4.65 7.865 7.551%0-13%
7.51*0% | 13.34*% | 0.95 1.67%00 7.78 8.317 8.161*00%
15.02*0%8 | 14.21*1¢ 1.91 16600 15.71 8.471 8.210*#
22.59*0% | 1426%1¢ | 287 1.67%00 23.45 8.287 8.249*0118
30.030% | 14.65°® | 385 1.67%00 31.2 8.362 8.401*01°
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Figure 6.8: Calculated detonation velocity from Equation 6.4

¢) Remarks

Data presented in Table 6.3 show a steady-state increase in indentation diameter as
well as indentation depth with an increase in length over diameter ratio. It is shown that
the indentation depth difference decreases when the length over diameter ratio
approaches 1. The results presented show that the optimal power output is obtained
when the explosive used has an l/d ratio that is greater than 1. Further to this, a
method describing the reaction zone length has been successfully developed and

demonstrated in this section.

6.2.1.2 Explosives casing effects
Explosives’ characteristics can be influenced by their shape and environment of
application. This section aims at describing the influence of polymeric confinement on
the detonation velocity of RXKF explosives.

Analysis
a) Method
Explosive column diameter and density were kept constant. Three RXKF explosives
pellets were used in each test (2.2 g). Copper IED detonators were used to initiate the

RXKF explosives columns.
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Figure 6.9: RXKF pellets (red) visible inside different casings. Polymeric (a), copper (b)
and aluminium confinement (c)

Different materials were used for this evaluation. Table 6.4 gives the list of materials

evaluated and the properties of the materials.

Table 6.4: Material properties

Tensile modulus
Tensile
clenn Material Base material | Density AEMNESE strength Pl
code Shore D . modulus
at yield
(g.cm™) Units (MPa) (MPa)
89
1 Orange PPBF970MO | Polypropylene 0.905 Rockwell 27.0 1500
HDPEC2760 | High-density . ] . ]
2 Grey + 5% tafmer polyethylene
Polybutylene 1930 —
3 Blue PBT terephthalate 1.340 - 56.6—-60.0 3000
4 | Black | PEEKIER | Polyether ether |y 640 90 280.0 20 000
5 Clear PP Polypropylene | 0.905 - 31.0-37.2 11154500_
6 | Gold PPCIIY25 | Polypropylene | 0.900 58 20.0 900
High-density
7 Yellow HDPE polyethylene 0.959 - 22.1-31.0 1080
b) Results

Plotting the data in two dimensions gave clear differences in not only the depth but also

the width of the indentations. This is clearly demonstrated in Figure 6.10.
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Figure 6.10: Indentation profile obtained for tests conducted with copper and aluminium
confinement. The innermost profile represents no confinement

The indentation diameter results obtained and indentation depth results for the tests
conducted with thin aluminium, copper and different polymeric confinement, are shown
in Figure 6.11. The polymeric results reported in Figure 6.11 are the mean of the
indentation results reported in Table 6.5.

y=0.780432 ||

y=-7.219867

y=-15.21%8 ||

x=-8

x=0

=8

Figure 6.11: Combined profiles. Inner cone represents the reference, the two middle
cones represent the polymeric indentation and aluminium indentation, and the outer
cone represents the copper confinement

(The two cones in the middle are barely visible. Close inspection focusing on the left of

Figure 6.11 best exposes the two cones.)
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Table 6.5: Polymeric confinement and indentation profile measurements

. Indentation
Wwall Indentation Inddignmt:::eorn diameter Modelled % Variance
Sample . depth extrapolated Indentation | (extrapolated
thickness max
(measured) (measured) without diameter vs modelled)
shoulder
(mm) (mm) (mm) (mm) (mm)
BFQF;EMO 2.51%002 3.41*01° 15.70%02 13.00 13.27 2.035
HDPE 2.3g%003 3.2g%017 15.3g018 13.02 13.27 1.880
PP 2.61%001 3.45%07 15.89%01° 13.14 13.27 0.980
HDPE
C2760 + 2.30%002 3.41*018 15.63*018 12.96 13.27 2.336
5% tafmer
PBT 2.47%002 3.37%0%° 16.40%0% 13.36 13.27 0.674
IXEFE%ZZ 267900 | 3162017 16,9101 14.36 13.27 7501
PZZ §7NA:0? 2.37%001 3.41*01° 15.687 12.78 13.27 3.692

The indentation diameters reported in Table 6.5 have shown a slight difference
between the different polymeric confinements used. With the data from Table 6.5, the

detonation velocity when confined can be calculated using Equation 6.5.

l‘)’—f:1—8.7(

o0

We
W

) (%)2 Equation 6.5

With (D.) being the VoD of the confined explosives charge, (D..) is the VoD at infinite
diameter, (W,) is the explosives mass, (W.) is the mass of the casing, (a) is the
reaction zone length, and (d) is the explosives charge diameter. Equation 6.5, however,
produced inconsistent detonation velocity (under confinement) results. Equation 6.5
was adapted (by dividing the weight of explosives by 10) to give Equation 6.6 in an
attempt to obtain a method for determining VoDs for explosives enclosed in thin-walled

casings.

w,
D, e/ 2 .
x =1-8.7 <Tc10> (3) Equatlon 6.6

Results obtained when using Equation 6.6 to calculate (D;) are given in Table 6.6.
Results were also verified with actual measurements involving selected materials.

These results are shown in Table 6.7.
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6.3

Table 6.6: Detonation velocity calculations with adapted confinement equation 6.6

Material We W an constant d D. D¢
@) ©) (mm) | (km.s™) | (kms™)
PP 1.833*0%%% | 0.763*0%° 0.2395 8.7 0.788"° | 8635 8.468
PBT 1.833*09% | 1,068 0.2395 8.7 0.788"%° | 8635 8.516
BraroMG | 18330 | 0.733°9% | 0.2305 87 |0788°%° | ge35 | 8461
HDPE
cz;;o T ] 1.833%00% | 071200 0.2395 8.7 0.788"%° | 8,635 8.456
additive
O ooy | 183309 | 144179 | 02305 87 | 0.788°%° | ge35 | 8547
HDPE 1.833*0%%1 | 0.738*0%% 0.2395 8.7 0.788%° | 8,635 8.463
PR Cln) | 183309 | 0.602°0°7 | 0.2395 87 |07880%° | ge35 | 8451
Aluminium | 1.833*%! | 0.313*%" 0.2395 8.7 0.788%° | 8,635 8.229
Copper | 1.833* %% | 3,026 0.2395 8.7 0.788°%%° | 8635 8.593
Table 6.7: VoD verifications compared with D,
HELEITE] calcEIcated b= meaglujred meaztjred
(km.s™) (km.s™) (km.s™) (km.s™)
PP 8.468 8.635 8.231*1 -
PBT 8.516 8.635 8.231°%" | 8.415"%
PP BF970MO 8.461 8.635 8.231*%1 | 8.384*0%%
FDPE L2700 5% 8.456 8.635 8,231 :
PEEK IXEF 1022 8.547 8.635 8.231*%1 | g.427* %1
HDPE 8.463 8.635 8.231*" -
PP C740 25 RNA 8.451 8.635 8.231*%" -
Copper 8.593 8.635 8.231°% | 8.629*0%7

D, — VoD of unconfined explosives

c) Remarks

This study has shown an alternative method to determine reaction zone thickness in
calculating the detonation reaction velocity. The standard equation to calculate the
detonation reaction velocity under confinement (Equation 6.5) proved to be less
effective for polymeric materials’ confinement. Equation 6.5 was adapted to derive
Equation 6.6. Results obtained with this approach are comparable with actual

measurements.

Proposed Detonator Casing Design
The proposed design consists of various components. Shock tube holder, main body,
shock tube clip and booster body are the main components of the proposed non-

metallic detonator design.
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6.3.1 Shock tube holder
The shock tube holder’'s main function is to provide an interface where the incoming
shock tube can be secured to the main body. This is achieved by securing the shock
tube to the shock tube holder.

A shock tube is inserted into the 4.17 mm diameter channel opening. The shock tube is
inserted into the channel until the tapered channel prevents the shock tube from
entering the channel further. A 15 mm free space is built into the design to allow full
transfer of the shock tube energy to the delay component.

i S————

Figure 6.12: Shock tube and shock tube holder (red) assembly

6.3.2 Main body
The main body holds the chemical delay element. The shock tube holder containing the
shock tube is used to secure the delay element into the main body. Ribs were
positioned on the outside of the main body to increase the mechanical properties of the
body.

Figure 6.13: Shock tube holder and main body assembly with delay element

6.3.3 Shock tube connector clip
A shock tube connector housing is used to connect acceptor shock tubes to the
detonator. Explosives pellets are positioned inside the housing. Acceptor shock tubes
are then placed around the explosive pellets on the outside of the clip. When the
explosives detonate, the energy released by the detonating explosive initiates the

acceptor shock tubes.
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Figure 6.14: Shock tube connector clip assembly

6.3.4 Booster casing

6.4

The booster body contains the explosive charge that intends to initiate the large

quantity of explosive that is intended to do the work in a typical blasting operation.

Figure 6.15: Booster casing assembly

Summary

This chapter showed that a non-metallic casing can be used in the construction of an
initiating system. The influence of the casing on the detonation velocity of the explosive
base charge was shown to be negligible in comparison with more conventional
aluminium casing. An equation predicting detonation velocity was shown to be
ineffective when applied to thin-walled confinement. This equation was adapted to be
applicable to light confinement and produced results that correlated well with actual

VoD measurements.
The initiating system described here showed a workable explosive train encapsulated

in a non-metallic casing. The next chapter demonstrates the mechanical integrity of the

casing. Optimisation of the booster casing is also described in Chapter 7.
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7.1

CHAPTER 7

BOOSTER CASING DEVELOPMENT AND MATHEMATICAL DERIVATION

Introduction

A shock tube holder, main body, shock tube clip and booster casing are the main

components of the proposed non-metallic detonator design as discussed in Chapter 6.

Each component has specific functions as described below:

The shock tube holder's main function is to provide an interface where the
incoming shock tube can be secured to the main body.

The main casing contains the pyrotechnic delay element.

A shock tube connector housing is used to connect acceptor shock tubes to the
detonator.

The booster casing contains the explosive charge that will initiate the large
guantity of explosives intended to do the work in a typical blasting operation.

@)

(b)

Figure 7.1: Proposed non-metallic detonator design
(out-hole detonator (a) and down-hole detonator (b))

The functionality of an initiating system relies on many factors, including the following:

e A primary explosive composition that can be initiated reliably by the energy

introduced by a shock tube and can transfer the low-energy input signal to a

higher output signal (described in Chapters 3 and 4).

e A secondary charge that can be initiated reliably with the primary explosive

composition and deliver a high-energy output (Chapters 4 and 5).

e An explosive train that can consistently deliver high energy under low-

confinement conditions as described in Chapter 6.

e A casing design that is strong in order to withstand stringent environmental and

handling conditions.

The booster casing in the planned design is an important part of the non-metallic

initiating system. Conventional systems make use of a detonator that initiates boosters.
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7.2

Boosters in turn initiate the main explosives charge. The non-metallic casing design
incorporates the booster as a secured section of the initiating system. It is also
important that the initiating system is not too large. A rib design is used here not only to
add physical strength to the booster tube, but also to attempt energy enhancement
through shock focusing.

This chapter describes how the rib design was optimised to produce the most effective
blast energy.

Physics of Booster Casing Optimisation

Detonating explosives produce large quantities of gas and heat. These quantities of
gas and heat form over an extremely short time frame and expand very rapidly. Air is
compressed at the edge of the gas perimeter and a compression wave is formed. This
is often referred to as blast waves and the energy associated with blast waves is used
to perform work on neighbouring surroundings. In this chapter, an attempt has been
made to develop a comprehensive understanding of blast energy being focused with
the use of external geometric changes. The behavioural characteristics of the blast

wave are explained based on a set of experiments.

Needham defined a blast wave as a shock wave that can decay immediately after the
peak is reached (Needham, 2010:3). This decay occurs in all variables, including
pressure, density and material velocity. The rate of decay is, in general, different for
each of the parameters. Blast damage by explosives then occurs when the air driven
by the explosives moving at high speed engulfs an object and mechanically interacts
with it. Zukas and Walters (1998:10) described this process further. The blast wave is a
steep pressure rise (shock wave) followed by an exponential decay of pressure. An
actual blast wave has a negative pressure region behind it, where the pressure is less
than the atmospheric pressure. The negative pressure region does less damage than
the positive part. Blast waves interact with the object and the object experiences a
force proportional to the square of the air velocity, the object area, and the drag
coefficient. If the force is larger than the friction force between the object and the earth,
the object will move; if it is less, then the object will remain stationary. The law of
physics states that the momentum change is equal to the time integral of the net force.
The criterion for damage to the object is either the total distance it moves or the
maximum velocity it attains. In either case, there is a minimum impulse or a minimum
pressure that causes motion that exceeds the damage limit. Another class of object
that may be damaged by the blast is one that is fixed and that deflects elastically, and

finally, plastically when it is stressed by the blast wave. Here the criterion for damage is
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the deflection of the system. When the total duration of the pressure wave is short,
compared with the vibration time of the system, the load is called impulse loading and
the momentum is transferred to the casing before it moves appreciably. When the
loading pulse is long compared with the natural vibration time of the system, the
deflection depends on the peak pressure (Zukas & Walters, 1998:11).

The following approach was used to best identify the optimal design of the shape to
focus the shock wave:
e Develop a shock wave simulator, evaluate different shapes and identify a few
options to be used for further evaluations.
¢ Build prototype casings with selected shapes and evaluate with explosives on
large scale.
o Explore a prototype booster design considering manufacturing constraints.
¢ Evaluate the prototype booster design.

e Obtain mathematical evaluation of shaped effect.

7.3 Test Method Illustration of Shock Waves

7.3.1 Shock wave simulation
To obtain video graphic or even photographic evidence of shock waves is an art in
itself and very difficult to achieve without the right equipment. It is further acknowledged
that a shock wave is a sound wave. An experimental set-up was tailored for this study
to show the interaction of shock waves without the use of expensive equipment. The
experimental set-up consisted of a water bath, strong light, a high-speed video camera,
a ‘hammer’ and an anvil. The anvil was placed inside the water bath and then struck
only once with the hammer. The resulting waves were captured with the high-speed

camera and analysed.

The water bath was 60 mm high and filled with water to a level of 25 mm. Shock wave
simulators were manufactured from mild steel to have different angles as shown in
Table 7.1. One shock wave simulator was positioned inside the water bath opposite the
light source. A 1000 W light was used as a light source. A high-speed camera was
used to film the resultant waves at 1000 frames per second. A purpose-built hammer
was used to strike the anvil once (with the same force). The test was repeated ten

times with the same anvil.
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Figure 7.2: Shock wave simulator test set-up
Table 7.1: Different shock wave simulator shapes
Angle Extrapolated inside angle
h
SHEPS () (6.)
‘-. N N
‘-. " N
‘-‘ " "
‘-‘ N N
. . 30° 120°
Position
of angle
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7.3.2 Results

The high-speed video graphic results are shown in Appendices 7A to 7E. All the
shapes evaluated produced distinct wave profiles. Constructive and destructive
interference can clearly be observed as light and dark areas on the videos. The
positive interference is obtained at the edge of the light areas and negative interference
is visible at the bottom of the dark areas. This is derived from the position of the light
and the camera. At a given point in time the resultant shape of the waves adopts a
shape that closely resembles the reciprocal of the original shape.

(a) Measured
length

(b) Constructive
interference

(c) Destructive
interference

(d) Reciprocal
of original
shape

(e) Distance
travelled

(f) Original
distance

Figure 7.3: Typical high-speed video image interpretation

Visually the best wave profiles produced by the different angles were measured. The
distance the wave travelled and the distance of the front plane of the wave were
measured. The ratio reference in Tables 7.2 to 7.4 refers to the difference in length
between the original bottom section of the shape and the wave at the specific distance.
Results for 45°, 60° and 75° shapes are given in Tables 7.2 to 7.4.
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Table 7.2: 45° small-scale evaluation results

e Lrsizice Distance Ratio
" at Distance with Measured Scaled .
Position | Frames - travelled Ref.:
1000 travelled scaling . length length
cumulative length
FPS factor
(s) (mm) (mm) (mm) (mm) (mm) (mm)
a 166 0.00 0.00 0.00 0.00 24.00 13.76 0.67
b 186 0.02 11.50 6.59 6.59 31.00 17.78 0.86
c 206 0.04 11.00 6.31 12.90 36.00 20.64 1.00
d 226 0.06 8.50 4.87 17.76 41.00 23.51 1.14
e 246 0.08 8.00 4.59 22.36 45.00 25.80 1.25
f 266 0.10 7.00 4.01 26.38 47.00 26.95 1.31
Table 7.3: 60° small-scale evaluation results
Time Distance : :
. at Distance with DISEEE Measured Scaled Ratlg
Position | Frames . travelled Ref.:
1000 travelled scaling cumulative length length lenath
FPS factor 9
(s) (mm) (mm) (mm) (mm) (mm) (mm)
a 176 0.00 0.00 0.00 0.00 69.00 39.56 1.98
b 196 0.02 8.00 4.56 4.56 75.00 43.01 2.16
[ 217 0.04 10.00 5.70 10.26 85.00 48.74 2.44
d 247 0.07 12.000 6.84 17.09 102.00 58.49 2.93
Table 7.4: 75° small-scale evaluation results
LI DISEIEE Distance Ratio
. at Distance with Measured Scaled .
FREIE || IFENTES 1000 travelled scaling travellgd length length REls
cumulative length
FPS factor
(s) (mm) (mm) (mm) (mm) (mm) (mm)
a 164 0.00 0.00 0.00 0.00 60.00 34.40 1.69
b 184 0.02 10.00 5.81 5.81 75.00 43.01 2.12
c 204 0.04 8.00 4.65 10.45 85.00 48.74 2.40
d 224 0.06 10.00 5.81 16.26 90.00 51.61 2.54

Since the original energy input is the same for all the tests (shapes evaluated), it can
be accepted that the initial wave velocities are similar. From the high-speed images, a

plane wave is seen forming behind the original wave. This plane wave is a result of
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shock focusing and a sharp pressure increase where waves meet is anticipated (as
described in Section 2.7). Since the shape of the wave is now flatter, the pressure can
act on the target over a bigger area. The length of the front is a function of the angle
and the distance from the original shape. Hence the criteria used in this section are the
length of the plane section of the wave ((a) in Figure 7.3) and the distance ((e) in
Figure 7.3) it formed from the point of origin ((f) in Figure 7.3). The results presented
here (Tables 7.2 to 7.4) show the 60° angle to produce the most effective (longest)
plane wave in the shortest distance the wave formed from the original shape. The 75°
angle produced similar results; however the length of the plane section was slightly
shorter compared with that of the 60° angle. The overall results were very close and it
was considered premature to eliminate any of the shapes evaluated at this stage of the

study. All the shapes were used in the next part of the study.

7.3.3 Large-scale shape evaluation
From the wave profiles obtained: 75°, 60° and 45° were further evaluated in this
section. Sleeves containing grooves with the chosen angles were fabricated using a 3D
printer. The angled channels were spaced on the outside of the sleeves and along the
long axis of the sleeve. The sleeves were then placed on the side of a 400 g Pentolite
booster. A typical 400 g booster is approximately 130 mm long with a diameter of

54 mm.

Ribbed Sleeve

400 g Booster

Steel witness
plate

Figure 7.4: 400g booster inside ribbed sleeve — typical test set-up (front view)
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Ribbed Sleeve

400 g Booster

/ Detonator

.

Steel witness

/ plate

Figure 7.5: 400g booster inside ribbed sleeve — typical test set-up (side view)

The booster was initiated using an 8D detonator placed in the middle of the open side
of the cylindrical casing. This resulted in the primary shock wave travelling horizontally
over the witness plate. The focusing effect of the shock wave can be less compared
with the focusing of a shock wave when the wave travels perpendicularly to the witness
plate.

7.3.4 Results
Both the inside and outside profiles of the witness plates were measured using a height
gauge. Measurements were taken across the largest bulge that was visually
identifiable. Measurements were taken starting 20 mm from the side of the witness
plate (this was taken as ‘0’ or the zero point). The second value was then taken 40 mm
from the side of the plate. This was the actual first value. Measurements were then

taken at 5 mm intervals.

Figure 7.6: Typical witness plate result showing a grooved imprint
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Figure 7.7: Typical witness plate result — side view. The top (a) forms the outside and the
bottom (b) forms the inside profile of the witness plate

Actual measurements are shown in Appendix 7F. The angles shown here as well as in
the appendices refer to the inside angle of the shape that was evaluated.

Two measurements were taken on either side of the maximum height measured. This
was done to obtain the curvature at apex. Polynomial functions were obtained for each

using a graphing program (GRAPH 4.0). The equation plot is given in Figure 7.8.

Booster: —0.0076(x?) + 1.0512(x) — 9.8011 Equation 7.1
45 o —0.0062(x?) + 0.8746(x) — 5.8847 Equation 7.2
60 ©: —0.0063(x?) + 0.8775(x) — 5.6811 Equation 7.3
75°: —0.0063(x?) + 0.8949(x) — 5.9747 Equation 7.4
30
L —— Booster

Indentation depth (mm)

-5 N | 1 | 1 | 1 | n | \ 1 !
0 20 40 60 80 100 120 140

Indentation width (mm)

Figure 7.8: Plot obtained from apex polynomial data
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The area underneath each graph was determined using the GRAPH program and is

shown in Table 7.5.

Table 7.5: Arearesults of apex curves

Angle Area
(mm?)

450 2154
60° 2037
75° 2044
Booster 2038

Material flow properties dictate that under high temperature and pressure, more
material flow will be observed on the inside than on the outside. The inside profile and
outside profile thus differ from each other. Figure 7.9 shows the plotted data obtained
from the measurements made on the indentation side of the witness plate. The actual

measurements are given in Appendix 7G.

—— Booster

Indentation Depth (mm)

0 | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200 220

Plate width (mm)

Figure 7.9: Plot obtained from data measured from inside witness plate

The indentation profiles depicted in Figure 7.9 show minor differences between the
shapes evaluated. Indentation depths are similar, with the 60° shape producing the

deepest indentation. The reference shot is the deepest of all the shapes evaluated.

From the results obtained from both the inside and the outside measurements of the
different shapes evaluated, the behaviour identified on a mild steel witness plate can
be considered to be the same. Of all the factors that can influence this shape, the main

contributor is the material of the shape. In this case polymeric material was used in the
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3D printing of the different shapes. These results were not considered during the

design of the first prototype booster casing.

7.3.5 New booster casing design — prototype
Considering the results of the qualitative shock wave simulator, a prototype mould was
manufactured to produce a booster casing for the non-metallic initiating system. The
input data was to design a non-metallic casing with a wave-shaping profile of 60°
forming channels parallel to the long axis of the body. Given the geometry and material
properties, the prototype mould produced a product with a 75° angle. The shock wave

simulation data showed this angle to be acceptable in the design.

Figure 7.10: New booster casing

Figure 7.11: New booster casing — sectioned
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Table 7.6: Average booster-casing dimensions

Position Description
A Average distance between top of ribs (mm) 2.09
B Average width of top ribs (mm) 1.33
C Average width of bottom gap (mm) 1.17
D Average height of rib (mm) 0.78
E Average angle (°) 126.79
F Total rib thickness (mm) 1.59

Figure 7.12: Booster casing indicating the position of measurements reported in
Table 7.6

7.3.6 Performance evaluation of new casing design
The new booster casing was evaluated by loading the booster cup with RDX/Kelf
(RXKF) explosive pellets. RXKF pellets weighed 0.66 g each and had a density of
1.66 g.cm™. The filled booster casing (9 RXKF pellets) was positioned on top of an
aluminium witness block (Aluminium 2024). A standard IED (instantaneous electric
detonator) was used to initiate the booster pellets.

7.3.6.1 Sectional thickness of new booster casing

A depth gauge was used to measure the indentation depth profiles obtained from the
booster casing with the profile as well as the reference not encapsulated.
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Figure 7.13: Filled booster casing on top of aluminium witness plate

Figure 7.14: Filled booster casing indentation profile

TPy

Figure 7.15: Reference RXKF charge on top of witness plate

Figure 7.16: Reference RXKF charge indentation profile
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It was observed that the side wall thickness of the booster casing was not consistent.
Wall thickness varied from a thick side measuring 1.14 mm to a thin side measuring
0.32 mm. This is evident in Figure 7.17.

Average thickness

'i<_ Thin section

)

Thick section

Figure 7.17: Sectioned booster casing showing thin and thick sections

Variations in the wall thickness can influence the energy transfer generated by the
reacting explosives formulation to the witness plate. The influence is notable on the
indentation depth as indicated by Figure 7.18.

3
L \‘\ —-—- Thin side (0.320mm)
iy '\. ------- Average thickness (0.729mm)
‘ A ——— Thick side (1.139mm)
/é\ I \'\‘ —— RXKEF - Reference
2.6 A
g
= L
S24f
= L
2
Sa0L
= 22
L
- L
H
2 —
1.8
1 | ! | I | L | I | 1 |
0 10 20 30 40 50 60

Distance from initiation (mm)

Figure 7.18: Indentation profile results for various thicknesses of sleeves

150



Consistency in the wall thickness of the booster casing is important to ensure constant

energy focusing of a detonating booster.

7.3.6.2 Indentation profile
This section focussed on quantifying the indentation profile obtained in an aluminium
witness plate. Again the booster casing was placed so that the cavity of the shape was
facing the plate. Nine RXKF booster pellets were used.

Figure 7.19: Indentation profile set-up (a) and a typical result (b)

Figure 7.20: Wide angle depiction of the result. Reference result (a) and
profiled result (b)

Comparing the results obtained from the reference to those of the booster profile shot,
it is evident that there is a definite difference in the shape. The reference profile seems
to be deeper than the booster profile. The booster profile, on the other hand, seems to
be wider than the reference profile. This is in line with the observation made from the
large-scale evaluations conducted in Section 7.3.3. The actual measurements taken

are reported in Tables 7.7 and 7.8.
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Table 7.7: Indentation width / depth comparison

Booster Reference
(mm) (mm)
Maximum depth 3.15°% 2.85°0%
Width 22,751 13.80*%

Table 7.8: Indentation profile compared with ribbed profile

C_oordinates Witness Coordinates Booster shape
Witness plate plate Booster shape
Angle (%) WX2XY 114.62%%° ABZBC 126.79*1%3
Top gap (mm) wz 35103 AD 5 09712
Rib top width (mm) ZT 2.91%0-28 DF 1.33%0-10
Rib height (mm) XV 3.15°% BE 0 782012
Width of bottom gap (mm) XY 2.68%0% BC 1.17%0-09

Figure 7.21 depicts the profile of results reported in Table 7.8 (average of ten
measurements). It goes further in finding relations between the original booster profile
and the profile obtained in the aluminium witness block. The relations obtained are

given in Table 7.9.

Figure 7.21: Depiction of indentation measurements
(A to Frepresent the gap profile in the booster and T to Z represent the indentation in the
witness block)
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Table 7.9: Observations from profile measurements

Witness block Booster

di i Clpietieliol casing Operator Angle
Imension . :
dimension

Wz = ~1.7*AD

VX = ~4.0*BE

XY = ~2.3*BC
WX z XY - 1150

7.3.7 Mathematical derivation
EXPLO 5 is a detonation code used to determine the detonation characteristics of the
RXKF 9501 explosive formulation. The original detonation characteristics of EXPLO 5

are given in Table 7.10.

In order to understand why a larger indention was obtained in the witness block
underneath the original cavity in the witness block, detonation principles need to be
applied. Without derogating a highly complex science, this can only be looked at from a
one-dimensional perspective. The process followed started with the detonation of the
explosives used inside the booster casing. A shock wave was generated as part of the
detonation process. The shock wave then progressed through the materials
surrounding the explosives. The EXPLO 5 detonation modelling code was used to
obtain initial data presented in Table 7.10. In order to use Hugoniot planes, an
empirical constant ‘s’ needed to be determined. This ‘s’ is specific for the explosive

material used, in this case RXKF 9501.

Table 7.10: EXPLO 5 characteristics for RXKF 9501

Characteristic Unit Value
Detonation pressure GPa 28.507
Detonation velocity m.s* 8217.49
Particle velocity m.s™ 2089.82
Sound velocity m.s™ 6127.67
Density of reaction products g.(:m'3 2.226
Specific volume of product cm.g* 0.449
Density of explosives g.(:m'3 1.66
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Py =ppq(Cy+ spuq) Equation 7.5

Pi = Pressure
p = Density
= Particle velocity

Co = Bulk sound speed

Equation 7.5 then equates ‘s’ to be 1.002. ‘s’ is unitless.

The shock now moves into the HDPE casing. As the shock moves into the HDPE,
pressure (P) and particle velocity (u) stay the same. This is valid on the interface. As
the shock moves into the HDPE, (P;) and (u;) are expected to change. To determine

the new particle velocity (u.), the original pressure is kept the same.

The patrticle velocity at the interface is then determined by setting Equation 7.6 equal to
Equation 7.7.

For the explosives, the following parameters are valid:

P = poCo(p1-p2) + poso (g — H2)? Equation 7.6
Do = 1.66 g.cm™

W1 = 2.086 km.s™

Co = 6.127 km.s™

So = 1.0026

For the HDPE sleeve, the following parameters are valid:

P = p1C1(u2_pp) + p151 (1 — pp)? Equation 7.7
o1 = 0.915g.cm®

Mo = 0.000 km.s™

of} = 2.901 km.s™

So = 1.481

thus:

PoCo(p1-12) + poSo(ity — H2)? = p1C1(H2-pp) + p151(1z — pp)*  Equation 7.8
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The following calculations show p, to be 1.4755 km.s™. Upon substituting p, into
Equation 7.6, the new pressure is calculated to be 6.87 GPa. This denotes a
substantial drop from 28.5 GPa. The wave is still moving forward.

The HDPE sleeve is touching the aluminium witness plate on both sides and has an air
gap in the middle. To obtain the pressure when the wave enters the aluminium,
Equation 7.6 is adapted to form Equation 7.9. Equation 7.9 is now set equal to
Equation 7.10.

For the wave exiting the HDPE sleeve, the following parameters are valid:

P = p1C1(u2_p3) + p151(uz — p3)? Equation 7.9
o1 = 0.915g.cm®

W2 = 1.476 km.s™

C, = 2.901 km.s™

St = 1.481

For the aluminium witness block, the following parameters are valid:

P = p,Cy(u3_pae) + p252 (3 — e)? Equation 7.10
02 = 2.785 g.cm™

He = 0.000 km.s™

C, = 5.328 km.s™

S, = 1.338

thus:

P1C1(H2-t13) + p151(12 — 3)* = p2C2(M3_pc) + p252(u3 — pe)?  Equation 7.11

The following calculations show u; to be 0.309 km.s™. Upon substituting s into
Equation 7.9, the new pressure is found to be 4.93 GPa. This is a noticeable drop from
6.87 GPa. The HDPE sleeve touching the aluminium witness plate has now been

determined and the air gap in the middle can now be quantified.
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P = p1Cy(pz-p3) + p151(1z — p3)? (Equation 7.9)

P1 = 0.915g.cm®
W2 = 1.476 km.s™
C, = 2.901 km.s™
S = 1.481

The air parameters are as follows:

P = p3C3(u3_pq) + p3s3 (s — 1a)? Equation 7.12
P3 = 2.030 g.cm™ (new air density at pressure exiting the HDPE)

Mg = 0.000 km.s™

Cs = 0.899 km.s™

S3 = 0.939

thus:

Pp1C1(Hz—p3) + p151(Hz — 13)* = p3C3(u3_pg) + p3s3(us — ng)®>  Equation 7.13

The following calculations show p, to be 0.77 km.s™. Upon substituting p, into Equation
7.9, a pressure of 2.54 GPa is found. This is a noticeable drop from 6.87 GPa. The

wave is still moving forward. Two shock waves merged in the gap.

Two shock waves then approach, colliding with each other. They have equal amplitude,
and when they meet a much higher pressure shock is reflected in both directions.
Because these two waves are equal in many ways (except for their direction) their

original particle velocity remains constant.

After the interaction of the shock waves there will again be a right-moving wave and a
left-moving wave. These waves should be equal. If the left-moving Hugoniot is set
equal to the right-moving Hugoniot, a ‘0’ (zero) value is obtained as shown by Equation
7.14.

p3C3(2p3_p) + p3s3(2pz — w* = p3C3(1 — 2p3) + p3s3(u — 2p3)? Equation 7.14

The solution to the particle velocity after the interaction is used to determine the

pressure. By equating the zero particle velocity into one of the Hugoniot’s, the pressure
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is 7.35 GPa (one of the equations refers to either the equation to the right of the equal
sign or to the left of the equal sign in Equation 7.14). This is more than twice the
pressure of the wave in air and more than the original pressure in the HDPE.

This pressure then moves into the aluminium. In order to calculate the pressure moving
into the aluminium, the initial particle velocity must first be determined. This is done by
keeping the density of air as the shock wave exits the HDPE into the air, constant. The
air density is calculated to be 2.03 g.cm®. From Equation 7.5, the particle velocity is
calculated to be 1.54 km.s™.

The air parameters are as follows:

P = p3C3(us_pe) + p3s3(us — pe)? Equation 7.15
P3 = 2.030 g.cm™ (new air density at pressure exiting the HDPE)

Us = 1.540 km.s™

Cs = 0.899 km.s™

S3 = 0.939

For the aluminium witness block, the same parameters are used as given earlier.
Equation 7.10 is re-written as Equation 7.16 to accommodate us. The following

parameters are valid:

P = p,Cy(He_pic) + p252(He — e)? Equation 7.16
P2 = 2.785g.cm™

He = 0.000 km.s™

C, = 5.328 km.s™

S, = 1.338

thus:

P3C3(1s_pe) + p3s3 (s — e)? = p2Ca(Me-tc) + p252 (e — 1)*  Equation 7.17

The following calculations show g to be 1.54 km.s™. Upon substituting ps into equation

7.16, a pressure of 5.54 GPa is found. This is a noticeable drop from 7.35 GPa.

The actual calculations are shown in Appendix 7H.
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7.4 Discussion

In this section, a shock wave simulator was successfully developed and used to
demonstrate wave profiles generated from different shapes. From simulator data,
selected shapes were used to evaluate the effect of the focused shock wave on steel
witness plates. Marginal differences were noted. A prototype booster casing was
designed and manufactured using injection moulding techniques. This produced
booster casing with symmetrical defects. It was demonstrated that such defects could
severely influence the focusing of the shock wave and hence the pressure focus point.

Indentation profiles obtained from shaped booster bodies on aluminium witness blocks
showed that the indentation depth in the witness block can be expected to be four
times the depth of the rib used. The inside width also increases to about twice its

original value. This clearly demonstrated that shock focusing could be achieved.

Particle velocity, density, shock velocity, and pressure are all parameters influenced
when a shock wave passes through different materials. When shock moves across a
material interface from one medium (having low impedance) to another medium
(having high impedance), the shock pressure increases. This has been demonstrated
by the profile obtained in the aluminium witness block when evaluating the shaped
booster. From the calculation presented, the changing shock wave can be shown as

follows:

Explosives HDPE Aluminium

Air

Detonating
explosives

28.5GPa Shoc‘k wave v V Shock wave
moves into HDPE \ AOVEINtS
6,874k Shiscksuats Shock wave  Alyminjum from
moves into air meet in Air HDPE Shock wave

moves into

s 1:35 Gka 4.93 GPa Aluminium
from air
5.58 GPa

Figure 7.22: Shock wave pressure variances through different materials
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7.5

When a plane shock wave reflects from a concave wall, a converging shock arises,
resulting in a locally high pressure. This is shown when shock waves meet and collide
(Figure 7.22).

Cooper (1996:198) suggested the pressure to cause incipient melting of the aluminium
to be 0.6 Mbar and the pressure to cause complete melting to be 0.9 Mbar. The
difference in pressures as well the difference of barrier material resulted in a difference
in shock impedance. The difference in pressure when the shock wave exits the HDPE
into the aluminium compared to when the pressure from the combined shock waves

enters the aluminium, explains the indentation profile in the aluminium.

Incorporating ribs on the side of the casing can increase the shock pressure and in turn

assist with better initiation of an explosives acceptor charge.

Summary

This chapter detailed the identification of a desired shape for optimal shock wave
focusing and described the interaction of these waves. The augmentation of the waves
has also been shown. A new booster casing design is proposed and validated

mathematically.
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8.1

CHAPTER 8

EVALUATION OF TENSILE PERFORMANCE AND TRACIBILITY OF NON-METALLIC

CASING

Introduction

Initiating systems are unique blends of chemical explosive formulations in combination
with encapsulating materials. The detonator/booster casing keeps the explosive train in
position and prevents the explosives from being exposed to the environment. A
compromise in the integrity of the casing or casing material can result in system failure
as well as unsafe conditions. The mechanical properties of the casing material are
important in that it must be able to keep its integrity in harsh conditions on a mine
bench. Typical initiating systems are assembled through crimping techniques.
Ultrasonic welding has been incorporated in this design to better accommodate the
non-metallic body. Mechanical strain testing was conducted to evaluate the overall
structural integrity of the assembled system.

The shock tube, shock tube holder, main body and the shock tube connecter clip or
booster casing were secured in their positions by using an ultrasonic welding
technique. Certain organic polymers are not ideally suited to function under all
conditions (Nicholson, 1991:130). Nicholson (1991:130) stated that on exposure to
outdoor conditions (especially sunlight), the polymers undergo certain reactions that
can lead to a loss of their desirable properties. The biggest factor influencing the
integrity of the design is ageing. Weathering is a broad term that is applied to the
changes that take place in a polymer on exposure to climate conditions, e.g., hot and
cold temperatures, humidity, and ultraviolet light, assisted by contributions from visible
and near-infrared portions of the electromagnetic spectra. During detonator application
solar radiation is minimal and polymers can be marginally exposed to direct sunlight for
only several days (rarely exceeding 30 days). Therefore solar radiation is not
considered as a mechanism for weathering of polymers. Temperature fluctuations are

more applicable to this area of design.

This chapter concludes by evaluating the assembled non-metallic initiator casing’s

compatibility with a wireless radio frequency identification detection (RFID) system.
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Figure 8.1: Typical ultrasonic weld interface

8.2 Test and Evaluation of the Proposed Design

To have a detonating system certified and fit for purpose is a tedious process involving
numerous tests against international standards. It is not intended to demonstrate the
conformance of this proposed design to such standards. The intention is rather to
determine the material strength at different temperatures involving tensile tests. The
test items were also subjected to thermal ageing that simulated a time span of 10
years. Current customer requirements stipulate a temperature range of 50 °C to 20 °C.
Test samples were manufactured as per the specifications shown in Appendices 8A —
8D.

8.2.1 Detonator component tensile test
This test was conducted by conditioning the test items at the set temperature for three
hours and then determining the tensile strength of the sample using a Shimadzu AGSX
20kN tensile tester fitted with a 5-kiloNewton (kN) loadsell. All tests were conducted
using a travel speed of 10 mm/min.

8.2.1.1 Tensile tests conducted at different temperatures
The test samples consisted of the following components:
a) Shock tube and shock tube holder
b) Shock tube holder and main body
¢) Main body and booster casing

The tests were conducted at 50 °C, ambient (20 °C) and -20 °C. The test items were

conditioned at each temperature for 3 hours (h). The test items were positioned inside

the tensile tester and secured to top and bottom clamps.
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Figure 8.2: Typical set-up of clamped in position on tensile tester

A climatic control cabinet (Figure 8.3) connected to the tensile tester ensured that the
test was conducted at the above-mentioned selected temperatures.

Figure 8.3: Sample inside climatic chamber on tensile tester
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8.2.1.2 Artificial ageing
The test samples consisted of the following components:
a) Shock tube and shock tube holder
b) Shock tube holder and main body
c) Main body and booster casing

Military standard (MIL-STD-331C) was used as guide to do the temperature test. Test
samples were placed inside an environmental conditioning chamber (model: BINDER)
starting at ambient temperature (20 °C). The temperature was then lowered to -30 °C
and conditioned at this temperature for 5 h. The temperature was subsequently raised
to 71 °C and conditioned at this temperature for 13 h. This cycle was repeated for six
cycles followed by a cold cycle where the bodies were conditioned at -30 °C for 62 h
(2.5 days). The original cycle was then repeated 7 times. This diurnal cycle was

adapted from the cycle specific due to the capabilities of the environmental conditioning

chamber.
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Figure 8.4: Diurnal cycle as given in MIL-STD- 331C

oo
(=]

[=2)
o

s
[=]

(=)

Temperature (degrees celcius)
. [ =]
(==}

)
o

| —
| —
| -
| —
| —
| —
| —
| -

~
o

| —

| —

1

9
17
25
33
41
49
57
65
73
81
89
97
105
113
121
129
137
145
153
161
169
177
185
193
201
209
217
225
233
241
249

Hours

257
265
273
281
289
297
305
313
321
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Test samples were placed inside the conditioning chamber and subjected to a 14-day
diurnal temperature cycle test at a relative humidity (RH) of 95%. The tests items were
then subjected to pull-tests as described in Section 8.2.1.1.

Figure 8.6: Test items inside climatic chamber

8.2.1.3 Results
Figures 8.7, 8.9 and 8.11 show the test items before they were subjected to the tensile

test. The results obtained are shown in Figures 8.8, 8.10 and 8.12.

Figure 8.7: Shock tube (a) and shock tube holder (b) interface
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Figure 8.8: Shock tube and shock tube holder interface failure
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Figure 8.9: Shock tube holder (a) and main body (b) interface

Figure 8.10: Shock tube holder (a) and main body (b) interface failure
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Figure 8.12: Main body (a) and booster body (b) interface failure

Table 8.1: Pull-out results — Shock tube and shock tube holder interface

Shock tube and shock tube holder interface

Newton (N) 50 °C 20°C -20 °C
Average force 125.6 184.5 219.0
Standard deviation 5.1 9.3 35.3
Range 20.1 31.8 130.7

Travel (mm)

Average travel 216.5 162.1 43.2
Standard deviation 12.0 32.9 255
Range 55.0 107.5 91.85
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Table 8.2: Pull-out results — Shock tube holder and main body interface

Shock tube holder and main body interface

Newton (N) 50 °C 20 °C 20 °C
Average force 239.5 306.2 381.3
Standard deviation 47.4 95.3 108.9
Range 192.6 352.7 506.0

Travel (mm)

Average travel 1.59 1.9 1.3
Standard deviation 0.5 0.9 0.6
Range 1.7 3.1 29

Table 8.3: Pull-out results — Main body and booster body interface

Main body and booster body interface

Newton (N) 50 °C 20°C -20 °C
Average force 448.6 716.5 1073.2
Standard deviation 41.4 64.4 83.6
Range 148.4 251.9 2934

Travel (mm)
Average travel 7.8 7.7 5.2
Standard deviation 2.3 1.3 15
Range 8.1 5.0 5.4

Table 8.4: Pull-out results — Shock tube and shock tube holder interface (aged)

Shock tube and shock tube holder interface

Newton (N) 50 °C 20°C -20°C
Average force 128.3 186.5 270.0
Standard deviation 9.6 9.7 34.1
Range 32.9 33.8 1194

Travel (mm)
Average travel 243.8 162.13 85.8
Standard deviation 17.5 32.9 40.0
Range 69.8 107.5 141.5
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Table 8.5: Pull-out results — Shock tube holder and main body interface (aged)

Shock tube holder and main body interface

Newton (N) 50 °C 20 °C 20 °C
Average force 232.3 306.0 483.0
Standard deviation 41.0 43.6 126.7
Range 166.2 179.0 490.0

Travel (mm)
Average travel 25 15 2.0
Standard deviation 0.7 0.4 0.7
Range 2.5 2.1 2.4

Table 8.6: Pull-out results — Main body and booster body interface (aged)

Main body and booster body interface

Newton (N) 50 °C 20 °C. -20 °C
Average force 446.6 734.0 1020.1
Standard deviation 77.1 103.7 165.0
Range 221.8 414.1 448.1

Travel (mm)
Average travel 5.8 4.0 3.6
Standard deviation 23 1.2 1.7
Range 8.1 4.5 5.9

8.2.1.4 Discussion

8.3

The tensile test results show that the force required to pull the parts apart increases
with a decrease in temperature. Greater standard deviations and ranges are also
noted. Stress-strain behaviour is notably different for the interfaces tested (Appendices
8E to 8J). Shock tube to shock tube holder interface shows to be more ductile
compared with both shock tube holder to main body interface and main body to booster
body interface. This is mainly due to the material characteristics of shock tubes that
tend to stretch more. The larger surface area of the weld securing the shock tube
holder to the main body and the larger thickness of these parts result in a more brittle
profile. Comparable behaviour is noted for the main body to booster body interface.
Here the booster stretched during the test, influencing the stress-strain profile to
represent a more ductile profile. The minimum force required to break the weld
(considering all tests) was 110 N. This is significantly more than the 80 N considered

the minimum force required pull shock tube from a metallic detonator assembly.

Tracking and Tracing
The compatibility of RFID tracking systems with the item intended for use is important

to ensure proper effectiveness. Preceding chapters discussed non-metallic initiator
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casing design and showed that the proposed casing design is an effective means to
encase explosives. However, to conclude the feasibility of a non-metallic initiator
casing, the proposed design should not compromise the effective functioning of RFID
tags.

8.3.1 RFID detection testing
A Motorola MC9 19ZEU handheld RFID scanner was used to detect AZ-9620 RFID
tags. The scanner has a Marvell PXA320 processor (@806 MHz). An integrated,
linearly polarised antenna operates at frequencies of 865-868 MHz and 902-928 MHz.
A nominal read range of 9.14 m can be achieved with a 1.22 m write range. AZ-9620
tags are passive, item-level tags that operate at a frequency of 860-960 MHz. The
actual label dimension is 31 mm x 14.7mm with the antenna dimension 27 mm x 9.7
mm. An Alien Higgs®-3 IC type chip is used on the tags. The tags have a 10-year data
retention capability with a write endurance of 100 000 cycles. RFID tags were placed in
aluminium detonator shells and HDPE detonator parts. The following configurations

were evaluated:

e One hundred (100) RFID tag placed inside 100 aluminium shells. The shells
containing the tags were placed in a cardboard box in a 10 x 10 orientation.

e One RFID was positioned inside an aluminium shell. The RFID-containing shell
was then placed in the middle of the cardboard box containing aluminium shells
in a 10 x 10 orientation (none of the other shells contained RFID tags).

e One RFID tag was placed next to an aluminium shell (not inside the aluminium
shell) inside the cardboard box containing aluminium shells in a 10 x 10
orientation. The tag was positioned in the middle of the box and on the outer
side of the box.

e One RFID tag was placed inside the HDPE shock tube holder, HDPE body,
HDPE clip and HDPE booster body. These components were scanned
individually.

e The HDPE components were assembled and scanned (assembled units
separately).

e Thirty (30) HDPE bodies containing RFID tags were placed inside a cardboard

box.
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(b)

Figure 8.13: Motorola RFID scanner (a) and an RFID tag (b)

Figure 8.14: RFID tag inside aluminium shell positioned in the middle off 100 aluminium
shells

(@) (b)

Figure 8.15: RFID tags positioned inside the shock tube holder (a), body (b) and the
clip (c)
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Figure 8.16: 30 HDPE bodies containing 30 RFID tags

8.3.1.1 Results

Results obtained are presented in Table 8.7.

Table 8.7: RFID tag detection results

Description

Number of RFID tags

Number of RFID tags

shells.

scanned detected by scanner
RFID tags inside aluminium shells. 100 0
One RFID tag surrounded by aluminium 1 0
shells.
One RFID placed next to aluminium 1 0

(for all positions tested)

One RFID tag placed inside non-metallic
components.

10 shock tube holders
10 bodies
10 clips
10 booster bodies

10
10
10
10

RFID tags placed inside non-metallic
components and assembled.

3 tags per unit
10 units tested

3 tags were detected
for all 10 units tested

30 non-metallic bodies containing RFID

tags were placed inside a cardboard box.

30

30

171




8.3.1.2 Discussion

8.4

The RF detection system functions with a receiver and a transmitter. The transmitter
uses a modulation technique to encode data that is then sent to a receiver. An
antenna, attached to the receiver, obtains and translates the modulated signal. Data
can then be stored on the receiver (tag). The transmitter also determines the power
level or signal strength of the system which can further be enhanced through active
receiver systems. Applying receivers in high noise environments can adversely affect
the signal, resulting in poor signal-to-noise ratios. High noise environments cause
reflection, scattering, refraction and diffraction of the signal. Metallic surroundings
cause reflection of the radio wave and hence shield the signal from reaching the
receiver, compromising the effectiveness of the RF system. HDPE provides a solution
in that the signal is not reflected. Test results showed 100% detection of RFID tags
used in HDPE detonator parts.

Summary

The actual design details of the different components are given in Appendices 8A-8D.
These parts were ultrasonically welded together and subjected to tensile testing at
different temperatures. Samples were also artificially aged after which these samples
were also subjected to tensile testing at different temperatures. Different stress-strain
behaviours were noted with distinctive differences in elastic and plastic regions
between the samples evaluated. A minimum force at break was measured to be 110 N.

This is above the 80 N accepted as benchmark.

Complete assemblies were populated with RFID tags and tested for functionality. All

the tags were detected when used in combination with HDPE components.
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9.1

CHAPTER 9

SUMMARY AND CONCLUSIONS

Summary

Current initiators consist of a timing delay segment, and a primary explosive
component on top of a secondary explosive component. Metal confinement is used as
an outer casing to hold all the components of the initiator together. International law
has emphasised the importance of a greener and safer initiator design. Lead azide is
the primary explosive used in initiators, due to ease of manufacture and relative low
cost. However, lead azide is a heavy metal salt and not environmentally acceptable.
Poor traceability of initiators post manufacturing is a challenge and poses both safety
and security risks. 2D barcoding is a solution, but has limitations owing to the shape of
the initiator. RFID is a more feasible track and trace solution, but the metallic initiator
casing can compromise the effectiveness of such system. Identifying RFID as the way
forward for track and trace systems implies moving away from metal encapsulation of

initiator.

Finding a replacement for the current lead azide primary explosive is the first step
towards a greener initiating system. Changing explosive formulations to fulfil a specific
task is an involved process and requires a great deal of understanding of energetic
materials’ behaviour. It is challenging to prove experimentally and to evaluate every
factor that might have an influence on explosive performance. Selected parameters
were identified in an attempt to evaluate the performance of the explosives developed
in this study. Such parameters laid the foundation for exploring nano-porous silicon as
a base that could be used to develop an alternative explosive formulation to lead azide,

as well as contributing to intermediary explosives development.

Dissolution chemistry was used to prepare nano-porous silicon. Nano-porous silicon
was evaluated and characterised by evaluating samples of different surface areas. It
was shown that the surface area and pore volume of the nano-porous silicon samples
changed with time. The drift in reaction was explored and shown to be related to
oxidation of the silicon samples. Methods of preparation of 5-nitriminotetrazole and 5-
nitrotetrazole were developed for using the components as oxidisers in combination

with nano-porous silicon.

Nano-porous silicon and PBX explosive formulations were also developed in this work.
Organic and inorganic oxidisers were used and characterised. By using the R; test

method, the reactivity between samples of different particle size, pore volume, density
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and composition was successfully quantified. Chemical reactions were determined and
heat of reactions calculated. Stoichiometric ratio determinations had shown Si/NaClO,
(2 : 1) to be the most reactive (from R, test). It was found that optimal stoichiometric
ratios did not necessarily produce the optimal reaction. npSi explosive formulations
prepared from PETN were shown to be the least affected by storage compared with SP
oxidizers. npSi/NT produced the highest R, values at a density of 2.5 g.cm®. The
fastest burning speeds were obtained from npSi/HNS explosives mixtures with npSi /
NT mixtures only 0.05 m.s™ slower. The reaction rate was also faster for higher surface
area formulations. Formulations subjected to a closed vessel pressure test had shown
the peak pressures to be related to surface area. NT/npSi with high surface area was

identified as a suitable replacement for LA based on reactivity.

A manufacturing method for a PBX formulation that can be used as a suitable
intermediary charge with the new primary explosive formulation was developed.
Castable and pressable PBX formulations were prepared using different particle size
PETN and different binders. The PBX formulations were evaluated using the SSGT.
The formulations were also evaluated using impact and friction tests. The pressable

PBX formulation BMW111-| was selected as the intermediary charge.

In this work the development of the explosives train was also dealt with. The approach
considered that the explosives ought to be sensitive enough to pick up from the input
stimuli and should produce enough output to initiate the next explosives. npSi/NT
explosive formulation in combination with clean nitriminotetrazole explosive was
developed as a primary initiator composition. Developing the explosive train entailed
the pick-up explosives to be able to initiate from various signals. It was found that the
pick-up ability in the small geometry was related to the density of the formulations. The
power output of the explosives was quantified by using the newly developed BBI test.
The explosives train developed could be used in a casing, and reliable pick-up and
initiation of the intermediary charge could thus be expected. This development was
published in the International Journal of Applied Engineering Research (Bezuidenhout
& Mukhopadhyay, 2016).

Confinement plays a major role in the performance characteristics of explosives. In
short, confinement increases the VoD of an explosive formulation and hence the power
output. Non-metallic confinement can behave differently. Explosives’ length and
confinement are two parameters explored while dealing with non-metallic
encapsulation. VoD is influenced/determined by column diameter. It was shown that

column length also influenced the VoD of the explosives. A new approach was
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proposed where explosive length was used to determine the length of the reaction
zone. Further to this, a novel equation was developed to determine the VoD of an

explosive from witness block indentation diameter and explosive column height.

A design entailing longitudinal ribs on the outside of the explosives initiator would likely
to result in a compensation of the detonation pressure. The optimal angle between the
ribs was demonstrated using an experimental set-up specifically designed for this
study. This was mathematically analysed and validated.

The mechanical integrity of the design was demonstrated through tensile testing. All
samples were conditioned at different environmental temperatures and tested. Non-
metallic casing had shown superior performance to the specified criteria. The capability
of track and trace through a radio frequency identification device was successfully
illustrated. The development methodology can be visually summarised as shown in
Figure 9.1.

Non-metallic modular casing

Conventional Exploswes design to replace lead Azide
detonator design
‘. 3 [ ]

$- h AY o g
’ y PBX BMW111-1

Characterization
b m
] ——’ Characterization _+

Reaction zone thickness

from explosive length

Relative reactivity Ballistic Ball Indentation
_ &0 F w,
R, = 1 P=—/]/ D, /10 e
a [4 D187 45— (E)
IDTS Sensitive PBX VoD from indentati.on ;
STX101and tetrazole BMW111-1 depth and charge height v

y 4 D -1
New non- metalllc m [Th] =0.1061 = (InH,) + 1.3901

Ribbed booster casing

RFID capablllty
Mathematical description of wave
focusing
E < -

Figure 9.1: Graphical representation of the output of this research leading to the
development of a new lead free and non-metallic detonator

Final assembled product specifications are shown in Table 9.1.
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Table 9.1: Non-metallic assembly configuration

Non-metallic ) ) )
o Casing Raw material Explosives
initiator assembly
Shock tube npSi Lead-free primary
% holder Manufacturing process: explosives
% Material: HDPE dissolution chemistry STX101
o + - .
5§ Dimensions: Pore volume: 0.39 *%% cm® g™ Density:
S . . 2 -1 -3
g Appendix 8A Surface area: 175 -185m-“.g 1.50-1.60 g.cm
§ % Oxidation: <1.3 % Explosive’s mass:
§ 0.023-0.024 g
5 Main body Tetrazole 1
Material: HDPE Density:
L Dimensions: 1.45 - 1.50 g.cm™®
§ Appendix 8B Explosive’s mass:
é 0.075-0.076 g
Tetrazole 2
Density:
2.10-2.20 g.cm®
Booster casing Explosive’s mass: 0.050
4 Material: HDPE —-0.060 g
Dimensions:
2 Appendix 8C-8D
o PBX base charge
< PETN 97.5%
% Kraton 25%
§ Graphite 0.5%

Explosive pellet
dimensions

Diameter:

6.40 — 6.50 mm

Length : 6.40 — 6.50 mm
Density:

1.55 - 1.66 g.cm™®

9.2 Concluding Remarks

From the study conducted, the following conclusions can be made:

Nano-porous silicon with well-defined pores in the nanometre range was

reproducibly manufactured by dissolution chemistry. Nano-porous silicon with a

surface area of 107 — 180 m®.g™ showed pore volumes of 0.21 — 0.39 cm®.g™.

npSi with surface area of 290 — 305 m?.g™ showed pore volumes of 0.918 —

0.982 cm®.g™. The relation of surface area to pore volume was found to be

linear.
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The level of oxidation influenced the reactivity of explosive formulation prepared
by mixing an oxidiser with nano-porous silicon. Data presented showed that
1.3% oxidation could be advantageous in terms of reactivity. This was shown
for both organic (PETN) and inorganic (SP) oxidisers. The reactivity of the
explosive formulation prepared using an organic oxidiser was more affected by
the percentage oxidation of the npSi than the SP mixtures. The SP mixtures
however, showed a sudden decline in reactivity when oxidation reaches 23%.

Mixtures of nano-porous silicon and oxidisers in stoichiometric ratios produced
high reactivity reactions. It was shown that higher reactivity reactions could only
be obtained if the mixture ratios were non-stoichiometric with more oxidiser in
the mixture than needed. This was shown for both organic and inorganic

oxidisers.

Nano-porous silicon / nitriminotetrazole mixtures increased in reactivity with an
increase in density. The optimal density was shown to be 2.5 g.cm™. As the
density of the mixture reached 2.0 g.cm™, a precipitous increase in reactivity

was observed.

The R, test method established in this study proved to be a reliable method to
evaluate the thermal reactivity of explosive formulations. This method
distinguished between density effects, mixture ratios and the effect of particle

size on the reactivity of formulations.

Nano-porous silicon / nitriminotetrazole mixtures prepared with high surface
area silicon produced the fastest reactions. A decrease in reaction pressure

with a decrease in surface area of the nano-porous silicon was noticeable.

Nano-porous silicon / NT mixtures could be used as a suitable replacement for

lead azide.

STX101 reliably initiated when exposed to the heat produced from a burning
delay element and the heat produced from the flame of a fuse head, as well as

the shock and heat produced from a shock tube.

PBX formulations based on PETN and Kraton were successfully manufactured

and evaluated. These formulations were prepared to be sensitive enough to
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pick up from the npSiI/NT mixtures and strong enough to initiate the main

explosive charge.

PBX formulations with different pick-up sensitivities were formulated based on
particle size of the PETN as well as the solid content of the mixture.

BMW111-1 was be reliably initiated by STX101. In turn the output of BMW111-I|

was enough to reliably initiate the main explosive charge.

The output pressure related to detonation pressure was successfully measured

using the Ballistic Ball Indentation test.

Reaction zone thickness was successfully calculated using explosive length
instead of explosive diameter. Mathematical derivation in proving this concept
was developed.

The detonation velocity was calculated using explosive height and the diameter

of the indentation on a witness plate. This was mathematically proven.

Non-metallic confinement in small diameter applications only marginally
affected the performance of explosive formulations. The plastic confinement did
not significantly increase the VoD of explosives formulation as in the case of
metallic confinement. The VoD of explosives confined by lightweight casing

(polymeric) was mathematically explored.

To accommodate improved explosive performance, a ribbed design was
incorporated in the non-metallic booster part of the initiating system. This
ensured shaping of the detonation wave enhancing the blast effect. The lost
detonation energy (due to poor confinement) was recovered by wave-shaping

techniques.

The shaped design produced an indentation profile of approximately four times
the depth of the rib height and twice the width of the outside edge. This profile

was valid for indentations produced on an aluminium witness plate.

The non-metallic design of an initiator was accomplished involving a non-
metallic detonator casing, a delay element, LA replacement primary explosives

and base charge explosives. The components were secured to one another
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9.3

using ultrasonic welding. The use of this technique in the explosives industry to

manufacture an explosives initiator was not known.

The capability of track and trace for non-metallic initiating systems using RFID

was demonstrated.

Recommendations for Future Research

A number of areas have been identified as possible future research initiatives as a

consequence of this study:

Developing a theoretical model for the BBI test.

Building a thorough mathematical model demonstrating the interaction of the
blast waves on an aluminium witness plate.

Expanding the npSi manufacture to such an extent that it makes financial sense
to manufacture npSi on mega production scale.

Optimising the manufacture of tetrazole salts in order for it to be produced in
large quantities.

Develop an alternative to shock tube as a signal carrier.
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APPENDIX 3B: HF specification

ANYLSPEC hydrofluoric acid (www.omagi.com)

Issue No: B-001

Issue Date: 12.02.08

Code: SHF40

CODE: SHF40 ISSUE NO: A-001
TRACE ELEMENTS

Assay min. 40% Fe Iron max. 1.0 ppm

Residue after Ignition max. 20 ppm Pb Lead max. 1.0 ppm

Chloride max. 5 ppm Na  Sodium max. 1.0 ppm
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APPENDIX 3C: Methanol specification

ISOCLEAN methanol {www.omgi.com)

Issue No: B-001
Issue Date: 12.02.08
Code: IMETH

Trace Elements
Assay (CH;0H) min. 999 %
Colour max, 10 Hazen
Free Acid (HCOOH) max. 10 ppm
Free Alkali (NH3) max. 1 ppm
Substance reducing
Potassium permanganate max 2.5 ppm
Water max. 0.1 %
Nonvalatile substance max. 5 ppm

PARTICLE CONCENTRATION

> .5umax. 1500 per 10ml
> 1.0umax. 300 per 10ml

> 2.0umax. 70 per10ml
> 5.0umax. 10 per 10ml
>10.0umax. 2.5 per 10ml

Al
As
Au
Ba
Be
Bi

Ca
Cd
Co
Cr
Cu
Fe
Ga

Li
Mg
Mn
Mo
Na
Ni
Pb
Sh
Sn
Sr
Ti
Tl

Zn
ir
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Silver
Aluminium
Arsenic
Gold
Barium
Beryllium
Bismuth
Boron
Calcium
Cadmium
Cobalt
Chromium
Copper
Iron
Gallium
Potassium
Lithium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Lead
Antimony
Tin
Strontium
Titanium
Thallium
Vanadium
Zinc
Zirconium

max.
max.
max.
max.
max.
max.

max.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.

max.

0.01
0.05
0.01
0.01
0.01
0.01
0.01
0.02

0.01
0.01
0.01
0.01
0.1

0.01
0.05
0.01
0.05
0.01
0.01
0.z

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm



APPENDIX 3D: Acetone specifications

AnalaR NORMAPUR grade acetone (www.uk.vwr.com)

Assay (on anhydrous substance)
Aqueous solution
IR Spectrum
Acidity

Alkalinity
Colouration

Density (20/4)
Distillation range
Aldehydes (as HCHO)
Ethanol
Evaporation residue
Methanol
Propan-2-ol
Substances reducing KMn0O4 (as Q)
Water

Ba (Barium)

Al (Aluminium)

Cd (Cadmium)

Ca (Calcium)

Cr (Chromium)

Co (Cobalt)

Fe (Iron)

Cu (Copper)

Mg (Magnesium)

K (Potassium)

Na (Sodium)

Mn (Manganese)

Pb (Lead)

Ni (Nickel)

Sr (Strontium)

Sn (Tin)

Zn (Zinc)

Min. 99.8 %
Passes test

Passes test

Max. 0.0003 meq/g
Max. 0.0003 meqg/g
Max. 10 APHA
0.790 to 0.792

56 to 57 °C

Max. 10 ppm

Max. 100 ppm
Max. 5 ppm

Max. 0.05 %

Max. 100 ppm
Max. 2 ppm

Max. 0.2 %

Max. 0.05 ppm
Max. 0.1 ppm

Max. 0.01 ppm
Max. 0.5 ppm

Max. 0.02 ppm

Max. 0.01 ppm
Max. 0.05 ppm
Max. 0.01 ppm
Max. 0.05 ppm
Max. 0.1 ppm

Max. 0.5 ppm

Max. 0.01 ppm
Max. 0.01 ppm
Max. 0.01 ppm
Max. 0.02 ppm
Max. 0.1 ppm

Max. 0.01 ppm
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APPENDIX 4A: Heat of formation of elements and bonds

Heat of formation of elements and bonds

0
Elergsrrlgssand State kfrlnigrl
N2 gas 0
H> gas 0
C gas 0
o gas 0
Si solid 0
SiO, solid -910.7
NaClO4 solid -384.2
NacCl solid -411.2
LiClO4 solid -382.2
LiCl solid -408.6
Ba(ClOy)2 solid -809.8
BaCl, solid -858.6
H.O gas -241.8
(6{0) gas -110.5
CO2 gas -393.5
PETN" solid -128.7
NT solid 111
HNS” solid 18.7

AH‘} values obtained from the Handbook of Chemistry and Physics, 73" edition, 1992-1993: 5-1 to 5-50.
# AH}’ values obtained Cooper (1996:125)
AAH}’ values obtained from Klapdétke et al. (2008:428)
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APPENDIX 4B: Noise generation related to sample mass
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APPENDIX 4C: Reactivity of npSi explosives manufactured from different oxidisers
and various surface areas
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Schematic depiction of the reactivity of barium perchlorate/Si mixtures
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APPENDIX 4D: SSG test results

SSG test results of PBX explosive formulations

Formulation mm
1 BMW 101 0.125
2 BMW 111 - A 1.049
3 BMW 111 -B 0.936
4 BMW 111 -C 0.880
5 BMW 111 -D 0.814
6 BMW 111 - E 1.337
7 BMW 111 - F 1.431
8 BMW 111 - G 1.491
9 BMW 111 - H 1.602
10 BMW 111 - | 1.720
11 BMW 111 -J 1.697
12 BMW 130 0.686
13 BMW 212 1.670
14 BMW 211 - A 1.266
15 BMW 211 -B 1.359
16 THR 211 at density 0.786
17 THR 211 0.944
18 THR 211 - A 0.888
19 THR 211 - B 0.771
20 THR 211 -C 0.462
21 THR 211 -D 0.585
22 THR 211 - E 0.861
23 THR 211 -F 0.923
24 THR 212 0.380
25 THR 280 1.450
26 THR 287 - A 1.432
27 THR 287 - B 0.895
28 THR 287 - C 0.934
29 THR 313 0.259
30 THR 416 0.430
31 PETN 1.150
32 RXKF 9501 0.272
33 Tetrazole 1.391
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APPENDIX 4E: Impact and friction sensitivity results of different PBX explosive
formulations

Impact and friction sensitivity results

Formulation Friction Impact

N H(i:r?];'t Fof | J
THR 211 Fine PETN 54 9.2 33.45 4.5
THR 211 Coarse PETN 36 7.3 26.55 3.6
THR 211 - A 48 8.1 29.45 4
THR 211 -B 54 9.4 34.18 4.6
THR 211-C 56 8.1 29.45 4
THR 211 -D 42 7.9 28.73 3.9
THR 211 -H 36 7.9 28.73 3.9
THR 211 -E 54 9.1 33.09 4.5
BMW 111 - E 32 7.9 28.73 3.9
BMW 111 - F 42 6.7 24.36 3.3
BMW 111 -G 40 9.6 34.91 4.7
BMW 111 -H 42 7.9 28.73 3.9
BMW 111 -J 48 9 32.73 4.4
BMW 111 - | 42 9.2 33.45 4.5
Fine PETN 24 9.4 34.18 4.6

Coarse PETN 40 14.2 51.64 7

Tetrazole 2 20.8 7.56 1
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APPENDIX 5A: Mathematical evaluation logic flow diagram
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APPENDIX 5B: PETN indentation diameters at different densities

PETN in copper shell indentation at different densities

Repetition Density (g.cm™)
no 1.03 1.21 13 ‘ 1.33 1.51 1.66
Diameter (mm)

1 5.51 5.64 5.87 5.91 6.21 6.38
2 5.52 5.62 5.9 5.92 6.23 6.42
3 5.55 5.63 5.81 5.91 6.28 6.49
4 5.48 5.69 5.85 5.91 6.29 6.45
5 5.49 5.68 5.86 5.91 6.2 6.45
6 5.52 5.64 5.84 5.93 6.25 6.41
7 5.52 5.62 5.84 5.93 6.23 6.4
8 5.51 5.6 5.87 5.99 6.25 6.39
9 5.49 5.62 5.89 5.98 6.24 6.37
10 5.49 5.64 5.86 5.97 6.29 6.35
11 5.48 5.65 5.86 5.95 6.2 6.42
12 5.5 5.65 5.84 5.91 6.34 6.39
13 5.51 5.68 5.86 5.96 6.21 6.42
14 5.53 5.69 5.89 5.86 6.29 6.42
15 5.52 5.67 5.92 5.9 6.25 6.48
16 5.51 5.66 5.93 5.84 6.24 6.42
17 5.47 5.66 5.9 5.87 6.28 6.43
18 5.51 5.63 5.82 5.89 6.21 6.47
19 5.52 5.65 5.87 5.84 6.25 6.38
20 5.49 5.62 5.86 5.89 6.32 6.39
21 5.49 5.69 5.87 5.86 6.25 6.42
22 5.47 5.68 5.89 5.89 6.17 6.37
23 5.52 5.63 5.9 5.92 6.18 6.38
24 5.51 5.61 5.91 5.93 6.21 6.42
25 5.49 5.62 5.85 5.95 6.21 6.48
26 5.52 5.64 5.86 5.94 6.15 6.45
27 5.52 5.62 5.89 5.96 6.24 6.4
28 5.54 5.52 5.89 5.9 6.15 6.43
29 5.52 5.68 5.87 5.97 6.23 6.38
30 5.51 5.68 5.87 5.92 6.2 6.39
31 5.49 5.61 5.88 5.93 6.21 6.41
32 5.48 5.63 5.89 5.96 6.22 6.4
33 5.48 5.64 5.81 5.94 6.21 6.38
34 5.47 5.67 5.91 5.89 6.21 6.34
35 5.49 5.67 5.91 5.96 6.15 6.44
Ave 5.50 5.64 5.87 5.92 6.23 6.41
STD dev 0.02 0.03 0.03 0.04 0.05 0.04
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APPENDIX 7A: Result of 90° shock wave simulation

=

90° wave shapes from shock wave simulator. a) t = 0.000, b) t =0.02,¢c)t=0.04,d) t =
0.06,e)t=0.08,f)t=0.10,9) t=0.12, h) t = 0.14, i) t = 0.16. Time (t) in seconds.
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APPENDIX 7B: Results of 75° shock wave simulation

rf >

75° wave shapes from shock wave simulator a) t = 0.000, b) t =0.02, ¢) t = 0.04, d) t = 0.06,
e)t=0.08,f)t=0.10,g) t=0.12, h) t = 0.14, i) t = 0.16. Time (t) in seconds.
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APPENDIX 7C: Results of 60° shock wave simulation

a0 |

60° wave shapes from shock wave simulator. a) t = 0.000, b) t =0.02,¢c)t=0.04,d) t =
0.06,e)t=0.08,f)t=0.10,9) t=0.12, h) t = 0.14, i) t = 0.16. Time (t) in seconds.
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APPENDIX 7D: Results of 45° shock wave simulation

[

[ 4"

45° wave shapes from shock wave simulator. a) t = 0.000, b) t=0.02,¢c)t=0.04,d) t =
0.06,e)t=0.08,f)t=0.10,9) t=0.12, h) t = 0.14, i) t = 0.16. Time (t) in seconds.
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APPENDIX 7E: Results of 30° shock wave simulation

P

g

30° wave shapes from shock wave simulator a) t = 0.000, b) t=0.02,¢c)t=0.04,d) t =
0.06,e)t=0.08,f) t=0.10, g) t = 0.12. Time (t) in seconds.
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Large-scale plate dent test results — outside profile

APPENDIX 7F: Large-scale plate dent test results — outside profile

Distance | Booster Booster 45° 60° 75°
spaced
mm mm mm mm mm mm
20 0.00 0.00 0.00 0.00 0.00
40 5.11 3.61 4.04 3.56 3.86
45 10.89 7.84 9.17 8.93 8.97
50 14.28 10.30 12.00 11.84 11.86
55 16.46 11.68 13.60 13.34 13.38
60 18.15 12.72 14.86 14.67 14.65
65 20.23 14.33 16.52 16.07 16.09
70 22.30 15.84 18.10 17.74 17.49
75 24.67 17.31 19.75 19.16 19.10
80 27.04 18.55 21.37 20.95 20.57
85 29.45 20.38 22.85 21.99 22.03
90 31.95 22.14 24.14 23.38 23.30
95 33.84 23.76 25.06 24.25 24.11
100 34.66 2491 25.54 24.60 24.56
105 35.26 25.47 25.75 24.71 24.71
110 35.69 26.10 25.66 24.52 24.57
115 34.62 26.17 25.23 23.92 24.03
120 32.96 25.98 24.53 23.20 23.32
125 31.26 25.18 23.35 21.85 21.94
130 28.92 24.05 21.81 20.36 20.68
135 26.94 22.40 20.44 18.72 18.96
140 23.99 21.08 18.96 17.34 17.69
145 21.92 19.19 17.16 15.90 15.87
150 19.87 17.45 15.68 14.35 14.71
155 17.31 15.54 14.17 12.70 13.21
160 15.57 13.92 12.58 11.36 11.82
165 13.40 12.32 11.33 10.04 10.49
170 11.87 10.66 10.04 8.66 9.41
175 5.81 5.53 5.01 3.59 4.93
180 0.17 1.27 0.20 0.38 0.46
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APPENDIX 7G: Large-scale plate dent test results —inside profile

Large-scale plate dent test results — inside profile

Reference 45° 60° 75°
spaced
mm from mm mm mm mm
edge
0 0.01 0.01 0.01 0.01
20 2.69 2.75 2.44 2.31
40 5.89 5.95 5.54 5.28
45 6.79 6.67 6.3 6.01
50 7.74 7.71 7.2 6.88
55 8.74 8.58 8.04 7.70
60 9.72 9.56 9.02 8.60
65 10.61 10.5 9.92 9.46
70 11.69 11.47 10.9 10.49
75 12.9 12.66 12.07 11.51
80 14.04 13.65 13.09 | 12.61
85 1541 15.11 14.61 14.13
90 16.45 15.71 15.57 | 14.97
95 17.25 16.2 16.61 | 15.88
100 17.59 15.88 17.54 | 16.71
105 17.23 16.63 17.22 | 16.22
110 16.39 14.81 16.81 | 15.59
115 15.15 13.18 16.21 | 14.98
120 13.79 12.34 15.08 13.66
125 12.5 10.87 13.37 | 12.20
130 11.04 9.85 12.11 | 10.84
135 9.84 8.76 10.8 9.61
140 8.59 7.18 9.69 8.52
145 7.41 6.97 8.65 7.50
150 6.32 5.89 7.59 6.41
155 5.19 5.1 6.6 5.38
160 4.01 4.17 5.56 4.36
180 0.05 1.02 1.97 1.31
200 -3.19 -1.52 -1.4 0.00
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APPENDIX 7H: Pressure calculations

Equation 7.5

Input solve(28.507 = 1.66 - (2.089) (6.127 + x - (2.089)),x)
Solution 1 363007851
=——— ~1.002215339431
* = 362205443
From RXKF to HDPE (Equation 7.8)
Input solve(1.66 - (6.127) (2.089 — x) + 1.66 - (1.0026) (2.089 — x)?2
=0.915- (2.901) x + 0.915 - (1.481) x2,x)
Solution 1 _ V22246114043089409785 1236171703 4754685435493
x= 154600500 38650125
Solution 2 _ 22246114043089409785 1236171703 62.4916124419585
x= 154600500 38650125
Equation 7.6
| t
npY 0.915 - (2.901) - (1.4755) + 0.915 - (1.481) - (1.4755)>
Output
6.86681053777875
Decimal Output
6.8668105377787

From HDPE to Aluminum (Equation 7.11)

Input solve(0.915 (2.901) (1.4755 — x) + 0.915 (1.481) (1.4755 — x)?
= 2.785 (5.328) x + 2.785 (1.338) x2,x)
Solution 1 _ —/2342355092836976702 — 1432789291 9.3726151076428
= 316162000 A
Solution 2 _ v/2342355092836976702 — 1432789291 0.3089750054167
= 316162000 e
Equation 7.9
Input
2.785 - (5.328) - (0.3089) + (2.785 - (1.338) - (0.3089)?)
Output

4.9391699367993

211




From HDPE to AIR (Equation 7.13)

Input solve(0.915 (2.901) (1.4755 — x) + 0.915 (1.481) (1.4755 — x)?
=2.03 (0.899) x + 2.03 - (0.939) (x)2,x)
Solution 1 _ —/3480721197800159182 — 1695665873 _ . oo
x= 220422000 o
Solution 2 _ Y34B0721197800159182 — 1695665873 _ . .
= 220422000 e
Equation 7.9 (second calculation)
Input 2.03 - (0.899) - (0.7712) + 2.03 - (0.939) (0.771262)2
Output 2.54129269612181348

Decimal Output

2.5412926961218

From Air to Air (Equation 7.14)

solve (2.03 (0.899) (2 (0.77) — x) + 2.03 (0.939) (2 (0.77) — x)?

Input = 2.03 (0.899) (x + 2 (0.77))
+2.03 (0.939) (x + 2 (0.77)) ", x)
Solution 1 x=0
Left side of Equation 7.14
Input 2.03 (0.899) (2 (0.77126) — 0) + 2.03 (0.939) (2 (0.77126) — 0)?
Output 7.350532530413968
Decimal Output 7.350532530414

Particle velocity from equation 7.5

Input
solve(7.35 = 2.03 x (0.899 + 0.939 x),x)
Solution 1
V12116717041 899
X=-— SAA60 ~ 1878 ~ —2.4998523800606
Solution 2
V12116717041 899
X = S1460 a7 " 1.5424508891128
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Air to Aluminium (combined waves) (Equation 7.17)

Input
solve(2.03 (0.899) (1.54) + 2.03 (0.939) (1.54 — x)?
= 2.785 (5.328) (x — 0) + 2.785 (1.338) (x — 0)?,%)
Solution 1
—/334901391905441 — 17257903 ~
X = 3033600 ~ —11.7214577569884
Solution 2
v334901391905441 — 17257903 ~
X = 3033600 ~ 0.3436208635285
Left side of Equation 7.17
Input
solve(x = 2.785 - (5.328) (0.3436 — 0) + 2.785 - (1.338) (0.3436 — 0)%,%)
Solution 1

_ 3461522390673 _ . 204358250768
X = 7625000000000 _
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APPENDIX 8A: Shock tube holder design
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APPENDIX 8B: Main body design
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APPENDIX 8C: Shock tube connector clip design
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APPENDIX 8D: Booster casing design
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APPENDIX 8E: Actual pull-strength results — shock tube to shock tube holder

Interface: Shock tube to shock tube holder — 50 °C
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APPENDIX 8F: Actual pull-strength results — shock tube holder to body

Interface: Shock tube holder to body — 50 °C
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APPENDIX 8G: Actual pull-strength results — body to base

Interface: Body to base — 50 °C
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APPENDIX 8H: Actual pull-strength results (aged) — shock tube to shock tube holder

Interface: Shock tube to shock tube holder — 50 °C

240
220 _ : _
180
160

Z120

0 40 80 120 160 200 240 280 320 360 398.672
Disp.(mm)

Interface: Shock tube to shock tube holder — 20 °C

200
180 :
160 [t
140
~120|-
z
& 100|
o

0 20 40 60 80 100 120 140 160 180 200
Disp.(mm)

Interface: Shock tube to shock tube holder — -20 °C

1215

1100
1000
900
800
700

Force(N)

400

300

fgg P |

0 20 40 60 80 100 120 140 160 180 200 220 239.203
Disp.(mm)

221



APPENDIX 8I: Actual pull-strength results (aged) — shock tube holder to body

Interface: Shock tube holder to body — 50 °C
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APPENDIX 8J: Actual pull-strength results (aged) — body to base

Interface: Body to base — 50 °C
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