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1. INTRODUCTION

Delay detonators are self-contained pyrotechnic devices that allow a desired interval
(burning time) between an impulse and a later action. The delay elements which are
contained in the delay detonators involve reactions between a fuel and an oxidiser. At
present African Explosives Limited (AEL) manufactures various grades of these
shock tube delay and carrick detonators as well as detonating relays. A single fuel,
silicon, is used in conjunction with three possible oxidisers: red lead (Pb3;O.), lead
dioxide (PbO,) and barium sulphate (BaSO4) to obtain burn rates varying between 4

and 250mm/s for the delay elements.

The formulation of the pyrotechnic compositions in these elements was developed by
a former ICI Explosive company in Canada. Since then, ICI Explosives has split and
AEL and the company are competitors, leaving AEL with a range of powders which
function satisfactorily, but when a problem occurs it is difficult to obtain information
to solve the problem and to continue production (Taylor, 2000). Further problems

encountered by AEL include:

0 The lead-based compounds are toxic and the mixtures are very sensitive to
ignition during mixing, making them difficult and dangerous to process.
Furthermore they are not environmentally friendly.

o The barium sulphate-based composition has exhibited variable performance.
Mixtures sometimes fail to initiate, propagate or burn at a consistent burn rate
within a single batch.

o The powders coming directly from the dry mixer have poor flow properties and
cause difficulty during downstream processing i.e. jams, increased processing
time, high wastage levels and a higher incidence of fires. In order to overcome this
problem, AEL have granulated the powder using a nitrocellulose binder.
However, the binder is a gas generator which affects the burn rates of the
powders, an undesirable situation.

o Currently AEL use 6 different types of silicon.
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In light of these problems the following long term solutions were proposed by AEL:

o To critically analyse the available literature on pyrotechnic mixtures and delay
elements in order to gain a better theoretical, scientific understanding of how these
and other pyrotechnic formulations function and the variables which influence
them.

o To replace the three oxidisers with oxidisers that are more environmentally
friendly, easily sourced, cost effective, whilst rationalising the range of silicon and
still obtaining the required burn rates and ignition reliability.

o To improve the processing of the powders such that the final product is a free
flowing powder that burns in a lead tube by considering the use of dispersions,
controlled precipitation or dry mixing using flow conditioners.

o To investigate the possibility of using thermoset resins or filled thermoplastic

compositions as a novel processing technology.

Based on the above the main objectives of this investigation were:

o To obtain insight, through a critical literature review, into how delay elements and
pyrotechnic formulations work and the variables which influence them. Also, to
understand AEL’s needs in terms of product range and AEL’s existing processes
and equipment (not discussed here).

o To find alternative oxidants that are easily sourced and cost effective, whilst
maintaining the use of silicon as a fuel. The compositions also had to be ignited
using shock tube and comply with the required burn rates.

o To establish safe and cheap experimental procedures and equipment in the
laboratory to characterise (in particular the burn rates) the existing (not discussed
here) and new formulations in an environment as close to reality as possible. The
following equipment was used: TGA-DTA, the data acquisition computer, particle
size analysers, XRD, XRF and SEM. Analysis of the reaction products was not
conducted.

o To investigate experimentally, the influence of the most important variables,
which were to be identified during the literature review, on the new compositions’

burn rates.
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o To investigate on a laboratory scale and through literature, the feasibility and
repercussions of using dispersions, flow conditioners and thermoset resins or

filled thermoplastic compositions in terms of burn rates etc.

Figure 1-1 is a schematic of the methodology used in this investigation.
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Literature Review to evaluate and understand pyrotechnic reactions and delay detonators i.e.

o Insight into the solid state (Section 2.1) and reaction propagation mechanism and stability
(Section 2.2)

o Understanding of the processing of delay compositions, AEL specific needs in terms of
burn rate, etc. (Section 3)

o Knowledge of the variables affecting burn rate and the mathematical expression of these
variables (Section 4), as well the properties of reagents and Si-based compositions used by
AEL and in this investigation (Section 5). A critical analysis of the mathematical modelling

presented previously will not be conducted.

A 4

Equipment and Experimental Procedures Development
Develop (trial and error) an easy, close-to-reality technique to measure burn rates and suggest
further improvements to enable a better setup and augmentation of burn rate measurements of

compositions (Sections 6.1-3) as well as determine reagent properties (Section 6-4)

A 4 A 4
Measure Burn Rates for Find  Alternative  Oxidants by  evaluating
Existing Compositions (Not thermochemistry (Section 7.1), AEL Trials (Section
discussed here) 7.2) and Initial Trials (Section 7.3) using Si as fuel

A 4
Modification of Burn Rates for alternative oxidants

by varying stoichiometry (Sections 8.1 and 8.2),
varying particle size (Sections 8.3 and 8.4) and

aluminium addition (Section 8.5).

Evaluate Different Processing Routes. Dry mixing
using flow conditioner additives (Section 9), wet
mixing using dispersions (Section 10) and
incorporation into a thermoset or thermoplastic

(Section 11).

Figure 1-1: Investigation Methodology
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2. THE SOLID STATE AND PYROTECHNIC REACTIONS

2.1 The Solid State

2.1.1 Crystals

The reactivity of a solid is dependent on the departures from bulk properties. When
two particles are placed in intimate contact, something must cross the boundary for a
reaction to occur i.e. something must diffuse out and must have a place to diffuse to.
It is the imperfections in the solid that makes reactions possible and determines the

reactivity (McLain, 1980:9).

Most solids are crystalline in nature i.e. a homogeneous structure in which the
constituent atoms are arranged in a regular repeated pattern. Crystalline solids are
categorised according to the chemical bonds that hold the atoms or molecules
together. In descending order of strength the bonds are covalent (held together by
electron-pair bonds e.g. diamond, Si, grey tin and graphite), ionic (large differences in
electronegativity produces an attraction between the constituents’ unlike charges, e.g.
alkali metal halides and metallic oxides and hydroxides), metallic (electrons are
shared broadly without preferential directions defined by atom pairs i.e. elemental
metals), hydrogen and van der Waals. Many crystals are simultaneously ionic and

covalent (McLain, 1980:12).

The physical properties of a solid depend largely on the crystal bonding forces and

specific crystal structure, i.e.

O Hardness. Diamond is very hard partly because the covalent crystal bonds are
very strong. The close packing of the carbon atoms in diamond also affects the
hardness as the forces between the atoms are increased and prevents easy
displacement by external pressures.

Q Melting point. The melting point tends to be higher for crystals with stronger

bonds as the atoms are more difficult to separate.
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Q Malleability and ductility. Metals are generally more malleable and ductile than
other solids because the bonding forces have no preferred orientation and the

assembly of atoms tolerates deformation without bond rupture (McLain, 1980:12).

Crystal structures are characterised by the geometric symmetries of the unit cell that is
repeated throughout the lattice and the closeness of packing. Spheres, which include
metal crystals, naturally assemble with either cubic or hexagonal symmetry whilst
other crystals arrange either side by side (plate-like and stick-like molecules) or

cluster in various configurations (pear-shaped molecules) (McLain, 1980:12-13).

2.1.2 Crystal Imperfections

The relationship between the physical properties of a solid and the chemical and
geometric crystal classification is not exact due to crystals’ imperfect ions e.g.

dislocations, cracks and lattice defects (McLain, 1980:13).

A crystal may contain structural dislocations along the grain boundaries as a result of
the manner of crystal growth and the acquisition of impurities (occupy sites for which
they are too large or small). Cracks and dislocations influence the chemical reactivity
of solids as they result in a larger surface area and in more edges and corners where
material may be lost at the crystal decomposition temperature, i.e.:

o Reaction of a solid with a liquid begins at defects where the bonds are weakened

and,
o The rates of adsorption, decomposition and solution increase with greater surface

area (McLain, 1980:14).

Inherent lattice or Schottky and Frenkel defects occur when there are absences or
displacements of atoms from their normal lattice sites and does not involve the
intrusion of impurities. The defective crystal is more thermodynamically stable
because of a proportionately compensating increase in configurational entropy. Other
lattice defects are due to impurities being included in the crystal structure and

nonstoichiometric defects (McLain, 1980:15-6).
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Several compounds, e.g. ZnO, NiO, Cu,0, Fe;04, PbO,, Pb3O4 and CaSi,, deviate
from stoichiometry due to the vacancy of one specie and not of the other or the
preferential acceptance of one specie into interstitial sites. lonic crystals must remain
electrically neutral therefore, if a crystal has an excess of interstitial cations, there
must be an equal excess of trapped electrons. The electronic properties of the crystal
will therefore be affected. These nonstoichiometric crystals are further classified into
two semiconductor categories: n-type and p-type. A semiconductor differs from a
metallic conductor in that its resistivity decreases with an increase in temperature.

Silicon is an intrinsic semiconductor. If the Si crystal were perfect, all of the electrons

would be used for bonding and none would have the mobility necessary for

conduction. As the crystal is not perfect, Si is able to conduct and heating the crystal
gives more vibrational freedom and mobility to the carrier electrons. If an impurity
that has five electrons in its valence shell, is introduced into the Si crystal, the crystal
is an n-type conductor. If however, the impurity has only three electrons in its valence
shell the crystal is p-type semiconductor. The conductivity of nonstoichiometric

crystals may be altered i.e.:

O n-type nonstoichiometric semiconductors — the conductivity may be decreased by
doping with foreign ions of higher ionic charge and increased by doping with ions
with a lower ionic charge

O p-type nonstoichiometric semiconductors— the conductivity may be decreased by
doping with foreign ions of lower ionic charge and increased by doping with ions
with a higher ionic charge.

The semiconductor properties depend on the extent of the impurity and the chemical

identity of the impurity (McLain, 1980:15-8).
The nature of a reaction of a solid with a gas, liquid or another solid is dependent on

the chemical composition of the solid but the rate of the reaction is affected by the

mode of pre-treatment of the solid (McLain, 1980:25).

2.2 Reaction Propagation Mechanism

The usefulness of pyrotechnic reactions derives from their being exothermic, self-

sustaining and self-contained (Conkling, 1996:680).
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In general the principal components of pyrotechnic compositions are (Figure 2-1):

o Reducing agent or fuel (metals, non-metals, carbohydrates, inorganic and organic
compounds.

o Oxidising agent (nitrates, perchlorates, chlorates, chromates, peroxides, oxides
and halogen-containing substances.

o Catalysts (Fe;0s, V,0s etc.)

0 Binders (natural and synthetic resins) and

o Formulation aids (anticaking agents and lubricants) (Krone and Lancaster,

1992:438).

Binder Aids
Fuel Mixing Well  mixed,
»| C€asy to process
Oxidant formulation

Fignre 2-1: Principal Components of Pyrotechnic Composition

Considerable research has been undertaken to understand the mechanisms of various
solid-state reactions and a large number of rate equations have been proposed and
tested with varying success. The complexity of various solid-state systems has made
the understanding of the reaction mechanisms difficult (Beretka, 1984). A
fundamental question which arises in pyrotechnic reactions is whether the reaction is
a genuine solid-solid reaction, a solid-liquid reaction involving a molten fuel or
oxidant or whether the fuel reacts only with gaseous oxygen (or some other gaseous
species) formed by the prior thermal decomposition of the oxidant or whether by

combination of these processes (Rugunanan and Brown, 1991).

The theory of pyrotechnic reactions is based largely on the work of Spice and
Staveley (quoted by McLain, 1980:4-5). They proved that for an iron-potassium
dichromate mixture and an iron-barium dioxide mixture, that two reactions were
occurring: ignition and preignition (PIR). They concluded that the PIR reaction for

these mixtures was a genuine solid-solid reaction mechanism, as the rate increased
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with increased packing density in terms of the increased contact surface between the
particles. The effects of compaction and inert dilution are useful for determining if a
pyrotechnic system is also a solid-solid reaction. If the PIR is a necessary precursor to
the bulk, incandescent, self-propagating reaction, then it plays a vital role in the
reactivity of the mixture. Thus, by controlling the onset of the PIR and the slope of its
self-heating curve, the bulk reaction may be controlled (quoted by McLain, 1980:4-5,
quoted by Drennan and Brown, 1992a). They have further suggested that the burning
characteristics are more dependent on the properties of the oxidant than on the fuel

(quoted by Drennan and Brown, 1992a).

Hill et al (quoted by Drennan and Brown, 1992a) on the other hand proposed that the
burning rates were dependent on a thermal conduction mechanism. This is further
echoed by Fordham (1980:117). According to Fordham (1980:117), by analysing the
temperature profile of the reaction front it can be deduced that the reaction is solid-
solid reaction initiated by thermal conduction of heat through the unreacted material.
Thus to obtain reproducible reaction rates there must be a constant amount of solid to

solid contact and constant thermal conductivity (Fordham, 1980:117).

According to McLain (1980:20), the reaction between a metal and a non-metal may
proceed by two possible mechanisms. Either the metal migrates through the product
layer to the non-metal or the non-metal migrates in the opposite direction. The
reaction will not proceed if the product layer is not capable of conducting electrons,
which accompany the ionic migration of the ions (McLain, 1980:20). He has also
compared an oxidation-reduction reaction with semiconductor activity as it
necessitates the transfer of electrons. The reducing agent is the electron donor and the
oxidising agent is the electron acceptor. This is analogous to the activity at an np
semiconductor junction where the n-type crystal creates the space charge potential by
donating electrons to the p-type crystal. Therefore a n-type reducing agent should be
more reactive than a p-type and a p-type oxidising agent is more reactive than a n-
type (McLain, 1980:23). Therefore as Si is a semiconductor, this property of doping
with foreign ions can be used to modify the burn rate. The Si can be doped with
foreign ions of a higher ionic charge to increase its conductivity and become an n-type

conductor. This will subsequently increase the overall reaction rate. The opposite
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effect can also be brought about by doping with ions of lower ionic charge if a slower

reaction rate is desired.

For gasless delay compositions, McLain (1980:3) has found that the failure of the
reaction to propagate through the entire length of the column in metal tubes with
small column diameters and at low temperatures is as a result of the rapid heat loss
which is promoted by these conditions. This is because the burning is a series of
reignitions along the length of the delay column from layer to layer of the compressed
mixture, i.e. the burning of a column of delay composition takes place by the passage
of a reaction front along the column. McLain (1980:50) supports the view that
burning propagates by reignition from layer to layer along the burning path and
therefore depends in the thermal conductivity of the mixture. His study of a Pb;O4-Si-
Al mix, showed that the burn rate varied with train cross section and packing density
and indicated a planar transfer mechanism. The addition of inert materials with
relatively low thermal conductivity reduced the rate of heat transfer through the
mixture and slowed the reaction. Conversely, the addition of thermally conductive
material (i.e. fine Cu and Al powders) has been found to increase the burn rate of

gasless delay mixtures (McLain, 1980:50).

Further evidence which supports that a solid-solid reaction is taking place is that the
mass burning rates are relatively constant with loading pressure, or increase with
rising consolidation and level off as maximum density is approached. An example
which has been quoted by McLain (1980:51-52) is the B-BaCrO, system. He
concluded that the reaction was truly solid-solid and that a 10:90 (B:BaCrO4) system
was more dependent on density than a 5:95 system because it was more nearly
stoichiometric and the excess, unreacted material contained less inert, insulating
BaCrO4 and more conducting B. There was however scatter in the burn rate data at
low consolidation pressures due to the poor contact and heat transfer between the
particles and the low rate of heat generation was too slow to overcome radiation

losses (McLain, 1980:52).

The reaction for a solid-solid reaction proceeds according to the simplified schematic

diagrams in Figure 2-2.
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Figure 2-2: Simplified Schematic Diagrams of an Equilibrinm Combustion Wave (Crider, 1982).

Therefore the determination of whether a solid-solid reaction is taking place can be
conducted by analysing the effect of cross sectional area and packing density on the
reaction rate (on a mass basis) and the temperature profile independently of analysing

the reaction products of samples that have been frozen.
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According to Hardt and Holsinger (1973) whether a condensed-phase reaction goes to
completion spontancously after initiation depends on whether the heat transfer is
sufficiently low to allow accumulation of heat in the reaction zone and system
characteristics of particle size and fusion temperatures sufficiently small to promote a

high rate of mass transfer.

2.3 Combustion Wave Stability

Instability of the combustion wave can come from insufficient heat generation due to
weak exothermic reactions (Munir, 1988). Zeldovich et al (quoted by Varma et al,
1998) found from classic combustion theory that the following two conditions must

be satisfied for a constant pattern combustion wave with a thin reaction zone to be

self-propagating:
RT, RT,’
B=20 ccland y= S <l (2-1, 2-2)
E OF
However using numerical results Aldushin et al (quoted by Varma et a/, 1998) found
that
RTT
— B <K 2-3
r=P=7 T -T) (2-3)

was sufficient. Margolis (quoted by Varma er al, 1998) modified the stability
criterion for melting reactants i.e.

E(T.-T)

E(T, -T,
2RT,*{1-exp (72)
RT,

According to this equation it can be deduced that for gasless combustion, unstable

combustion is more likely to occur for higher melting temperatures and higher
activation energies and lower combustion temperatures. The higher melting
temperatures will absorb energy that will have been used for conduction to the next
zone for ignition. Also the higher activation energy means that more energy is
required before the reaction commences and releases its own energy. Therefore
compositions with high melting points and activation energies will exhibit unstable

combustion.
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3. EXISTING PRACTICES FOR THE MANUFACTURE OF DELAY

DETONATORS

3.1 Delay Detonators

Delay Detonators, both electric and non-electric are used in mining, quarrying and
other blasting operations for the sequential initiation of explosive charges (Beck and
Flanagan, 1992, Davitt and Yuill, 1983). The delays between the sequential initiation
is commonly referred to as a millisecond delay blasting operation. It is effective in
controlling the fragmentation and throw of the rock being blasted and reduces the
ground vibration and air blast noise (Beck and Flanagan, 1992, Davitt and Yuill,
1983). It is thus evident that reliable ignition is paramount owing to its safety
implications. Repeatable burn rates are important for efficient use of the explosive
during mining and quarrying. Short period delays (25-1000ms) usually allow for the
best results in terms of fragmentation, however, where excessive throw and
concussion (such as tunnelling and shaft sinking) are problematic, long period delays
are used (Beck, 1984). Electronic delay detonators in which the desired delay time
may be programmed into a microchip timing circuit within the detonator; are more

precise and accurate but are considerably more expensive (Rugunanan, 1991).

Commercial delay detonators are essentially metallic shells which are closed at one
end and which contain in sequence from the closed end, a base charge of a detonating
high explosive e.g. PETN, a primer charge of a heat-sensitive detonable material e.g.
lead azide and an amount of deflagrating or burning composition which provides the
desired delay time in the manner of a fuse (Beck, 1984, Beck and Flanagan, 1992,
Davitt and Yuill, 1983). In some cases the primer charge of a heat sensitive material
may be omitted if the delay composition has been designed to have sufficient
ignitable power (Fordham, 1980:119). A non-electric delay detonator is depicted in
Figure 3-1 .The burning composition may be ignited by an ignition charge using an
electrically heated bridge wire or by the heat and flame of a low energy detonating

cord or shock wave conductor (Beck and Flanagan, 1992, Davitt and Yuill, 1983).
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Figure 3-1: Non-Electric Delay Detonator

A pyrotechnic delay composition consists of an intimate mixture of solid, powdered
fuels and oxidants capable of a highly exothermic propagating oxidation-reduction
reaction. The delay times are linearly related to the length of the element (Beck,

1984).

3.2 Delay Element Requirements

Numerous delay compositions have been used with varying degrees of success. In

general delay element compositions and elements have the following requirements:

o Must be essentially gasless. The evolution of large amounts of gaseous by-
products will interfere with the functioning of the delay detonator i.e. gas-
producing delays are vented and can only operate at low altitude whilst gasless
delays are unvented and may be used at any altitude (Watkins et al, 1968:62). The
description “gasless” is usually applied to mixtures that release during
combustion, less than 10cm’ of gas per g of mixture (Charsley et al, 1980). Wang
et al (1993) have stated that the criterion for defining gasless combustion as
P(T:) << Po where P is the vapour pressure of the most volatile component (or
dissociation pressure of the products) at the combustion temperature T, and Py is
the external gas pressure.

0 Must be safe to handle (both from a health and explosive viewpoint). This is to
avoid problems during manufacture, to reduce emissions and also to lessen the

problem of exposure at the point of end use. For these reasons it is desirable that
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charges be prepared without using solvents and that special precautions are
implemented when a compound is dangerous (e.g. BaCrO, is recognised as
carcinogenic and requires special procedures (Boberg et al, 1997 and Davitt and
Yuill, 1983).

Must be resistant to moisture.

Must not deteriorate over periods of storage, i.e. there must be no change over in
burning characteristics over time. Brauer (1974:16-17) has discussed the problem
of storage and temperature. He stated that the delay time may be affected by as
much as 16%.

Must be simply compounded and economical to manufacture.

Must be adaptable for use in a wide range of delay units within the limitations of
space available inside a detonator shell (Beck and Flanagan, 1992, Davitt and
Yuill, 1983). Some compositions have a very high burn rate and are therefore very
difficult to incorporate in delay detonators having short delay periods. These result
in variations in the delay times within groups of detonators intended to have equal
delay times. The same can be said of compositions having slow burn rates (Davitt
and Yuill, 1983).

Must have the reduced possibility of “flash past”, particularly in the shorter delay
periods where the length of the elements used are at a minimum. In the past this
problem was overcome by introducing a layer of delay composition above the
initiating explosive before placing in the delay element. This is no longer done
due to improved overall design and technique (Fordham, 1980:119).

Must have minimal effect due to the liberation of gas. As the speed of the delay
composition is affected by pressure, the free space within the detonator should be
controlled. The plug, which seals the leading wires in place, should be able to
withstand this pressure for more than the delay period of the detonator.
Conduction along the metal walls of the detonator shell of the heat which is
liberated by the fusehead and delay composition, is likely to soften plastic plugs in
particular. These may be ejected from the detonator with probable failure of the
burning of the delay column (Fordham, 1980:119).

Delay detonators that are to be used in coal mines should be constricted such that
they do not ignite methane-air mixtures even if fired outside the cartridge of the
blasting explosive. This requires careful selection of the fusehead and the use of a

delay composition which will not produce large particles of slag on burning.
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Carrick detonators have been developed for this application. They are of the lead
type with five or six narrow cores instead of the single central column (Fordham,

1980: 119-120).

3.3 Delay Element Manufacture

The general processing procedures and equipment used for pyrotechnics have been

discussed by McLain (1980: 201-213).

Two methods may be used for the manufacture of delay detonators. The first method
requires that the delay composition be pressed into preformed zinc, brass or
aluminium tubes which are a sliding fit into the detonator shell and which are thick
enough to withstand the consolidating pressure (the rigid element). The second
method entails filling a lead tube with composition and drawing it down in diameter
by conventional means. The required length of lead tube is then cut (Fordham,
1980:118). There is a desire in the industry to phase out the use of drawn-lead
containment and use only drawn elements of another metal such as aluminium or rigid
elements (Beck and Flanagan, 1992). Beck and Flanagan (1992) have however found
that the heat-sink effect of the metal containment of the column of delay composition
may result in quenching the exothermic reaction of the composition. This is a problem
particularly in the use of rigid elements using zinc and also drawn aluminium tubes,

but not lead-drawn tubes.

Regardless of the method used, the delay composition has to be made in a free-
flowing form. The fine powders may be mixed and then pelletised in a press. The
pellets are then broken down and sieved to remove the fines. If it is difficult to
pelletise the mixture, the mixture is granulated with a small amount of nitrocellulose

solution in a suitable mixer (Fordham, 1980:118).

It is essential that a constant thermal conductivity and constant solid-solid contact is
maintained to ensure repeatability in terms of burn speed and ignitability. To achieve
adequate solid contact between the reacting solids, it is necessary to use the

ingredients in fine condition and bring them into contact by pressure, whilst to
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maintain constant solid contact and thermal conductivity, the density of the column
has to be controlled at a uniform value. It is thus essential that the ingredients are

suitably sized and are adequately mixed and accurately pressed (Fordham, 1980:117).

3.4 AEL Practices

AEL currently manufactures 5 compositions with burn rates varying between 3-
250mm/s. These have been renamed for the purposes of this document as being
starter, sealer, slow, medium and fast compositions (AEL Product Specification,
2000a & 2000b).
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4. REACTIVITY, BURN SPEED AND MODELLING OF

REACTIONS

4.1 Variables Affecting Reactivity and Burn Speed

According to McLain (1980:31) and Brown (1989) the following interrelated
variables influence reactivity and in turn the burn speed:

o Deviations from the normal crystallographic amorphous structure of a substance.

O

Lattice defects in the form of hereditary structures.

o Formation of imperfect structures, i.e. transitions from one modification to
another or thermal decomposition.

o Impurity and presence of guest particles in the lattice.

0 Mechanical treatment such as grinding or pressing.

o Differences in the crystallographic formation of different surfaces.

o Gases which are dissolved in the lattice but which are not chemically reactive.

o Corrosion.

o Adsorption and catalysis.

o Irradiation by absorbable wave lengths.

o Changes in the magnetic state and

o Changes in the electric state.

A number of variables which affect the burn speeds have been discussed in literature:

1) Nature of the Oxidant - In general the rate of reaction of a metal to form an oxide
depends on the physical state of the oxide, the nature of the transport processes within
it and its ability to maintain physical continuity between the reactant phases.
Thermodynamic driving forces for reaction determine which phases form and in what
sequence. The defects in each phase and their mobilities largely determine the rates of

growth. If the oxide is solid, a number of processes may occur:
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o Nucleation of the oxide at the metal-gas interface may be slow or at preferential
sites. Or it may absorb uniformly and oxidation may initiate by the metal and
oxygen atoms exchanging places.

o Transport across the metal-oxide, oxide-oxide or oxide-oxygen interface may be
slow enough to control the rate of reaction. The slow step could be the
decomposition of the oxidant.

o Growth of thick, compact adherent scales occurs by diffusion of ions through the
solid oxide, usually cations are more mobile than oxide ions.

o Oxygen may dissolve and diffuse further into the metal before and during the

growth of the reaction layer on the surface (Birchenall, 1986:3355).

There is a relationship between the lattice vibrations and chemical reactivity. As the
temperature increases, crystals vibrate with increasing amplitude about their average
positions in the lattice. When the amplitude is great enough, diffusion is enhanced and
the atoms may exchange positions. At low temperatures this may result in a solid
transition and at higher temperatures the solid may melt. During such transitions the
reactivity is enhanced as the lattice units are more loosely bound. This is known as the

Hedvall effect (McLain, 1980:30).

The Tamman temperature ratio (o) scales the actual temperature of the solid to its
melting point. It may be used as a rough measure of lattice loosening. Ionic surface

mobility becomes effective at a~0.3 and lattice diffusion at a=0.5 (McLain, 1980:30).

Spice and Staveley (quoted by McLain, 1980:40) found that the rate of burning was
more sensitive to the chemical nature of the oxidising agent than to the metal. This
may be explained by the fact that the oxidiser generally has the lower melting point
(Tamman), transition temperature (Hedvall) or decomposition temperature. This was
noted by Rugunanan and Brown (1994b) who found that changing oxidant has the
greatest effect on burn rate. It influences the reaction by its role, through thermal
decomposition to supplying gaseous O, for the fuel oxidation or by simultaneous
diffusion of the species through a developing layer of solid product. The size and

charge of the diffusing species may be important, as well as maintenance of contact at
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the origins of the diffusion paths. Melting and or vaporisation of the oxidant will be

important in the maintenance of such contact (Rugunanan & Brown, 1994b).

The ignition temperature of a mixture is largely determined by the decomposition
temperature of the oxidant (Conkling, 1996:684). Chernenko et al (quoted by Wang et
al, 1993) classified oxides according to the following criteria:

o Chemically and physical stable oxides — These oxides (NiO, TiO,, Cr,03, Al,O3,
Ta,0s and Nb,Os) are essentially inert up to the moment of ignition. Generally
when used with Al, the oxidation of Al by atmospheric oxygen precedes and
initiates the combustion of the mixture.

o Chemically stable but physically unstable oxides — These oxides include B,Os
which melts at 450°C, MoOs and WO3; which sublime. The appearance of a liquid
oxide or gaseous oxide phase increases the rate of the oxidation-reduction reaction
and thus enhances ignitability. It has been found that oxidisers with high vapour
pressures (such as WO3 and MoQO3) gave the greatest rates of combustion.

0 Chemically unstable oxides that decompose — The ignition process for these
oxides (V,0s, CrOs, Li;O, and BaO,) is more complex because the oxygen
liberated from the decomposition of the oxide plays a significant role in initiating
the reaction.

o Chemically unstable oxides that undergo further oxidation — Further oxidation
takes place in air and the heat liberated from this reaction heats the specimen to

ignition point (Wang et al, 1993).

i1) Preparation of Constituents and Compositions— During processing a number of
variables such as addition of impurities, grinding, adsorption (e.g. H,O), surface
oxidation of the fuel and partial decomposition of the oxidant may occur and affect
the reaction. Grinding, rolling and milling a solid crystal will create new surfaces,
edges and corners at which atoms are not bonded as strongly as the internal atoms as
well as loosen the crystal lattice. The lattice may also be “loosened” by adding
dopants, i.e. Si and Li have been added to Al weakening the Al-Al bonds. This results
in increased reactivity (McLain, 1980:35).

An example of how the preparation of an oxidant may affect the reactivity is the

dependence of Fe,Os reactivity on the method of preparation. Hedvall and Sandberg
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(quoted by McLain, 1980:31) found that Fe,Os prepared from iron sulphate was three
times more reactive than that derived from iron oxalate, despite the average particle
size of the sulphate-derived oxide being larger. X-ray powder diffraction patterns of
the sulphate-derived iron oxide showed a less ordered crystal structure, i.e. less
sharply defined, below 650°C compared to the patterns of the oxalate-derived iron
oxide. Furthermore, it was observed that at temperatures exceeding 900°C, the
oxalate-derived iron oxide was more reactive. By annealing the sulphate-derived iron
oxide at 900°C, the lattice was found to be more sharply defined and its reactivity
over the full temperature range was found to be more like that of the oxalate-derived

iron oxide.

The effect of mechanical and heat pre-treatment of the reagents was not evaluated in

this study and is recommended for future work.

iii) Irradiation by absorbable wave lengths. Radiation of high enough energy can
dislodge atoms from their normal lattice positions to create vacancies and interstitial
atoms. In many semiconductors, irradiation increases the conductivity because it
increases the abundance of imperfections. The opposite is true for metals. Irradiation
also increases the chemical reactivity of semiconductors (McLain, 1980:34). The
effect of irradiating the Si was not investigated during this study and it is
recommended that this be completed, noting the effects of aging on the burn rates of

irradiated compositions.

iv) Stoichiometry — Stoichiometry, heat of reaction and burning rate are all
interrelated (McLain, 1980:53). The early work by Spice and Staveley (quoted by
McLain, 1980:47) provided the following relationships and conclusions concerning
the stoichiometry, heat of reaction and burn rate:

o The delivered heats of reaction were never as high as calculated.

O A composition that gave the maximum burning rate usually gave the maximum

heat of reaction.
0 Burning rate and sensitivity to ignition spark depended mainly on the nature of the

oxidant.
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o Stoichiometry could be determined from a plot of Q (the heat emitted by that
quantity of mix containing a gram formula weight of the oxidiser) versus the

percent reductant (McLain, 1980:47).

McLain (1980:53) has demonstrated the relationship between these factors using the
PbO,-Si as an example. He compared a graph for the measured heats of reaction
versus varied amount of Si with a graph of the theoretical values calculated from heats
of formation of possible reactions. He stated the following reactions take place for the

system (Table 4-1):

Table 4-1: Possible Reactions for PbO,-8i as the Si Content is 1V aried (McLain, 1950:53)

% Silicon Reaction

2.3 Si +4PbO; — PbsSiO¢ + O,

3.1 Si+ 3PbO;, — SiO; + 3PbO + 3/2 O,
4.8 Si+ 2PbO; — Pb,SiO4

6.0 2Si + 3PbO, — 2PbSiOs + Pb

8.7 Si + PbO, — SiO, + Pb

12.6 3Si + 2PbO,; — SiO; + 2Si0 + 2Pb
16.1 2Si + PbO, — SiO; + 2Pb

223 3Si + PbO, — Pb + Si + 28510

McLain (1980:53) observed that the heat of reaction reaches a maximum near 10% Si
for PbO-Si. A plot for Pb3O4-Si reached a plateau above 20% Si. The measured
burning rates for both these systems were a maximum at or near the exothermic

maximum (McLain, 1980:53).

Conkling (1996:684) stated that the stoichiometric mixture generates the maximum
heat output, but is not always the fastest burning composition. McLain (1980:55) has
confirmed that the maximum burning rate occurs at a somewhat higher reductant
content than does the maximum heat of reaction (Figure 4-1). This displacement was
generally greater for metal reductants such as Fe, Sb and Mn and smaller for non-

metals such as S and C and metalloids such as B and Si (McLain, 1980:55).
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Figure 4-1: Thermal Characteristics of B-BaCrO, (McLain, 1980:55)

This points to the effect of heat transfer on columnar burning. The addition of a good
heat conductor may cause departure from stoichiometry, and may increase the thermal
conductivity sufficiently to cause a net increase in the burning rate (McLain,

1980:56).

Spice and Staveley, as well as Hill et a/ (quoted by McLain, 1980:56) found that the
smaller the heat of reaction, the more the peak in burning rate is displaced from the
peak in heat of reaction. Furthermore, the slope of the burning rate curve is always
steeper below the maximum percentage reductant below stoichiometric than above the
maximum percentage. This is due to the fact that the region below the maximum
represents excess oxidiser, which is an inert diluent and heat insulator that retards

burning. Addition of the thermally conductive reductant has a relatively large effect
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on accelerating the burning rate. Above the maximum, there is excess reductant which
maintains a relatively high burning rate despite the departure from stoichiometry

(McLain, 1980:56).

Optimum delay performance is generally expected for stoichiometric compositions
because they ignite and propagate more readily. However, if a slower burn rate is
necessary, the percentage reductant may be reduced. It is however, much better to
rather increase the reductant concentration until the desired burn rate is achieved. The
larger addition is more easily mixed and departures from homogeneity will have less
of an effect as this portion of the curve is less steep (Figure 4-1). Note, however, that
inhomogeneities are less critical near the stoichiometric composition (McLain,

1980:60).

v) Particle Size and Shape —The kinetics of solid state reactions are dependent on the
initial dispersion of the reactants and thus are affected by the particle size (Munir,
1988). Generally the combustion velocity decreases with increasing particle size.
Models have been developed to account for particle size (Appendix A). There has
been an exception to this trend e.g. for the Ta-N system the temperature and
propagation velocity were independent of the Ta particle size as the coarser particles
were more porous than the finer particles and thus acted as a large number of

nonporous grains (Varma et al, 1998).

According to Cardellini, Mazzone and Antisari (1996) an irregular type of powder
morphology (flaky powders) reacts more readily than a regular more uniform type of
powder morphology upon application a shock-compression wave. The influence of
the type of crystal form on the impact sensitivity and reactivity has also been noted by
McLain (1980:33). He mentioned that the reactivity of KClO; decreases as the crystal
form varies from needles to thin lamellac (McLain, 1980:34). The shape of the
particles used in this investigation was not varied. It would perhaps be beneficial to
note whether the particle shape does influence the burn rate in particular in the case of
the precipitated oxidants as it is easy to modify particle size and shape through the use
of surfactants, seed particles and varying temperature and concentrations of starting

reagents.
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vi) Additives — Additives may inhibit the reaction by decreasing the contact area
between the fuel and oxidant particles or by changing the heat capacity and/or thermal
conductivity of the mixture sufficiently to alter the burn rate (Drennan and Brown,
1992a Wang et al, 1993 Varma et al, 1998 McLain, 1980:60). The addition of fluxing
additives such as CaO can be added to the mixtures to form lower melting slags and
increase the burn rate. The addition of small amounts of salts of alkali metals and
alkaline earth metals and cryolite (NaAlF,) can effectively increase the mass
combustion rate of a thermite composition. It has been proposed that the salt additive
reduces the temperature at which the reaction occurs. In Al-based compositions, the
salt disintegrates the barrier oxide layer on the Al at a lower temperature (Wang et al,
1993). McLain (1980:56) recommends that different burn rates should be obtained by
adding inert, thermally insulating ingredients to retard the burn rate, or adding metal
powder to accelerate the burn rate (McLain, 1980:56). McLain (1980:57)
recommends that dilutions of a stoichiometric mix with inert material should not

exceed 4%, whether to retard or accelerate the burn rate.

vii) Compact Density — The compact density affects the thermal conductivity of the

compositions (Wang et al, 1993). Goodfield and Rees (1985) have found that the

response to variation in consolidation pressure for SnO,, PbO — Si compositions can
be divided into three distinct types of behaviour with respect to the oxidant/fuel ratio

in which they are observed, i.e.

o At high oxidant levels where the reaction temperature is high (1700°C), the
propagation rate decreases with increasing consolidation pressure. They proposed
that this is as a result of the large amounts of relatively volatile metallic reaction
products which are formed and allow for the transfer of heat by mass transfer
processes as the dominant propagation mechanism.

o At low oxidant levels (lower reaction temperature - 1250°C), the propagation rate
increases as a result of heat transfer by conduction being the dominant process.

o Atintermediate oxidant levels, the response is more complex as a result of the fact
that no one process dominates the consolidation process (Goodfield and Rees,

1985).
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Varma et al (1998) noted that the combustion velocity often shows a maximum at

some intermediate density value. They proposed that the effect can be attributed to the

following:

o As the density increases, intimate contact between the reactant particles is
augmented, which enhances the reaction and the front propagation.

o The increased thermal conductivity at higher densities however, means that a
greater heat is lost due to conduction from the reaction zone to the unreacted
portion inhibiting front propagation.

o Contact resistance has not been accounted for previously and may have an effect.

Vadchenko et al (quoted by Varma et al, 1998) on the other hand have found that the
density and absorbed gaseous impurities may have an interrelated effect on the
combustion i.e.

o For low sample densities, escape of the desorbed gases is not limited by
permeation and occurs without destruction of the reactant medium structure. Thus
increasing the density results in increasing thermal diffusivity of the medium and
hence increased velocity.

o At higher sample densities, absorbed gases are unable to escape due to sample
permeability. As the temperature increase, the gas pressure inside the pores also
increases, forming cracks in the sample, lowering the effective thermal

conductivity.

It has been found that a pellet with a higher initial density resulted in a product with a

lower density than pellets with a lower initial density (Varma et al, 1998).

viii) Ambient Pressure — The burning rate may be affected by ambient pressure. This
has been associated with vaporisation of the starting components at the temperature
reached in the combustion front. It has been noted that in some systems, the
combustion rate increases with pressure, reaching a maximum, and then decreases
with further increase in pressure. Examples include: BaO,-Zr, M0oOs-Mg and PbO,-
Mg. Because of the high volatility of the reactants, vapours are formed owing to the
heat of combustion. The rise of combustion rate at the low range of pressure is
associated with the rise in the extent of the vapour phase penetrating the pores as the

ambient pressure is increased. However, at higher pressure the gas formation is
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suppressed and the melt formed in the combustion process can selectively wet the
pores, thereby inhibiting the reaction. The ambient pressure may also affect the

dissolved hydrogen and nitrogen gas.

ix) Cross Sectional Area and Surrounding Material — The reduction in cross sectional
area is accompanied by an increasing lateral heat loss which becomes the dominant
variable as the point of failure is approached with about 60% of the evolved heat
being lost during the reaction (Boddington et al, 1986). Boddington et al (1986) have
found that the use of glass channels rather than steel did not give very different results
except under conditions close to those which give rise to failure. They have therefore
concluded that the cross sectional area of the pyrotechnic column is of prime
importance in determining lateral heat loss. Increasing the sample diameter (D)
increases the ratio of volumetric heat generation (<D?) to surface heat loss (c<D?). By
increasing the diameter above a critical value, the combustion temperature approaches
the adiabatic value and the burn speed becomes constant (Varma et a/, 1998). McLain
recommends that for slow compositions, containers with large diameters and low
thermal conductivity be used (McLain, 1980:60). Beck and Brown (1986) have
experimented with the use of plastic materials with low thermal diffusivities as
containers but found that the pressure of the gaseous polymer degradation products
cause a problem. In the future it would be beneficial to investigate the use of
alternative materials (such as metal-lined polymeric rigid elements) as opposed to

lead as a result of the environmental and health implications of using lead.

X) Binder. Organic binders are reported to lower the ignition temperatures of
pyrotechnic systems. It has been found that the addition of boiled linseed oil (<2%) to
15% Sb/KMnOy4 (Does not burn on own) resulted in a composition that ignited and
burned. The temperature profile indicated that the binder acts as a fuel and increases
the combustion temperature (Beck and Brown, 1986). Hardt and Holsinger (1973)
however have found that a mixture of gum arabic and water could be used as a binder

and have no effect on the reaction characteristics of intermetallic reactions.

Ellern (1968:312-318) offers a detailed discussion on the binders used in the
pyrotechnic industry. Boberg et al (1997) report the successful use (little gas
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production) of carboxymethylcellulose (CMC) in pyrotechnic delay mixtures
containing Si. It would be beneficial to investigate the effect of various binders on the
burning characteristics and safety of the delay compositions and the implications in

terms of processing and cost of implementing the new binder.

xi) Fluxes. The addition of a fluxing agent i.e. a material which reduces the lowest
eutectic temperature effective in the mixture and thus introduce a small amount of
liquid phase, does accelerate solid-solid reactions. Water vapour is known to
accelerate pyrotechnic reactions. Similarly, the mixing, storage and loading of PbO,-
Si mixtures in humidified atmospheres, due to the static hazards, resulted in an
increase in the burn rate of these mixtures (McLain, 1980:43). The effect of the

addition of a fluxing agent would need to be evaluated.

xil) Impurity and presence of guest particles in the lattice. Doping by means of co-
crystallisation has made Fe,O; highly reactive. McLain (1980:39) experimented with
crystals of CuSO4.FeSO4.xH,0 and NiSO4.FeSO4.xH,0, which were grown from an
acidic solution of the salts. The crystals were then decomposed in a current of O, at
200°C-250°C to produce Fe,O; Ti-Fe,O3; mixtures prepared using this Fe,Os had an
increased calorific value (McLain, 1980:39). Doping (Described in Section 2.1.2) NiO
with LiO, and Cr,0; affected the reactivity of NiO (McLain, 1980:39). It would be
interesting in the future to compare the reactivity of Si as an n or p-type fuel as well as

an n or p type oxidant (Section 2.1.2).

Varma et al (1998) have graphically summarised the dependencies of the combustion
velocity and maximum combustion temperature on some of the above variables in
Figure 4-2. Varma et al (1998) offer the following explanation for Figure 4-2:

o Velocity and T, decrease with increasing reactant particle size and with the
addition of an inert (non-reactive) diluent to the mixture, while increasingly
significantly with increasing initial sample temperature.

o Different trends have been observed when the initial sample density is varied.
With increasing density, the combustion front velocity either increases
monotonically or goes through a maximum, while the combustion temperature

generally remains constant.
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O A decrease in the sample size (i.e. diameter) does not influence velocity and T,

when the size is larger than the critical size, since heat losses are negligible

compared to the heat release from the chemical reaction. Below the critical sample

size both velocity and T, decrease due to significant heat loss (Varma et al, 1998).
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Figure 4-2: Dependence of Combustion Lemperature and V'elocity on 1 arions Variables (V arma et al,

1998)

Therefore, a number of variables affect reactivity, ignitability and burn rate of delay

compositions. The aforementioned variables can be divided into three categories:
o Constituent material properties

o Compositional properties and

o Processing and end use properties.

The easiest variables to manipulate on a laboratory scale using the lead-drawn

elements are: the oxidant used, the particle size, the addition of an inert or thermally

conductive material and stoichiometry. These variables will also be the most practical

to modify on a commercial scale. Should the lead-drawn elements be phased out to

use rigid elements, then variables such as the cross sectional area and packing density

can also be used.
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4.2 Mathematical Modelling of Reactions

A number of authors have attempted to mathematically model the combustion wave
with mixed success. As Boddington et a/ (Quoted by Yoganarasimhan, 1988) has
stated “The interrelationships which exist between combustion kinetics, heat transfer
and burning velocity are complex and simple cause and effect explanations are
seldom tenable”. This sentiment is echoed by Beretka (1984) who states that due to
the complexity of solid state systems, the mechanisms of many reactions are still not
understood. Furthermore according to Beretka (1984) in practice reactions rarely
reach completion in mixtures of powdered solids due to poor contact of the reacting
particles and sintering of the reactants at high temperatures. In addition, the particle
size distribution and previous history of the reactants make the interpretation of
kinetic measurements difficult (Beretka, 1984). A summary of the mathematical
modelling for thermal properties and combustion which have been attempted may be
found in Appendix A. This modelling will not be analysed here and it is
recommended that the models presented be compared using a chosen formulation that

1s well understood.

4.3 Combustion versus Thermal Analysis

The use of thermal analysis for the analysis of pyrotechnics has led to controversy.
The processes or reactions which occur during combustion of a pyrotechnic
composition may be far removed from those identified during thermal analysis
experiments where the samples and experimental conditions are such that thermal
runaway may be avoided (Rugunanan and Brown, 1991, Beck & Brown, 1991). This
is as a result of the different temperature-time histories of the compositions
(Rugunanan & Brown, 1991). Laye (1997) on the other hand is of the opinion that it is
possible to link the self-sustained combustion process with the presence of reactions

identified by thermal analysis.

It has been concluded, however, that caution be exercised when ascribing kinetic

parameters to a combustion regime when these have been obtained from studies under
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non-ignition conditions where a different rate determining step may operate

(Boddington et al, 1986, Laye, 1997).

In thermal analysis the values obtained for the activation energy are usually higher
than those obtained from combustion studies. In thermal analysis, activation energies
are derived under low-heating rates and non-ignition conditions whereas for those
derived from temperature profile analysis are dominated by diffusion of heat transfer
(Boddington et al, 1990 Laye, 1997).

The DTA/DSC measurements are limited by the following variables:

o Al-Kazarji and Rees (1978) have stated that thermal studies usually have been
performed on loose powdered mixtures whereas in fuse technology compressed
columns of relatively high-density composition are used. While the basic chemical
reactions are similar, the mechanism of combustion will differ from the loose
powder (Al-Kazarji and Rees, 1978).

0 Thermal runaway has been the cause of some concern due to the damage it has
caused to thermal analysis equipment, as a result of the increased adiabatic
temperature. Thermal runaway occurs only when the rate of heat generation by the
reaction is greater than the rate of heat loss to the surroundings (Brown, 1989).

o The isothermal or non-isothermal determination of kinetic parameters has been the
source of controversy. Non-isothermal methods require less time and samples
whereas isothermal methods are likely to provide more reliable kinetic
information. Possible tests include the ASTM test based on Ozawa's method
(Brown, 1989). This test involves the measurement of the temperature at the
maximum exotherm, Tpax, on DSC or DTG traces done at different heating rates
(B1). The Arrenhius parameters can then be determined from a plot of In 3; against
1/Tiax- One problem does exist though. As the use of the temperatures at the peak
maximum or times to the maximum rate does not take into account that the
activation energy of the induction period (should there be one) may differ widely
from that of the main reaction. Rogers and Janney (quoted by Brown, 1989)
recommend DSC measurements under isothermal conditions be used and give
detailed procedures which include careful temperature calibration of the

instrument used and avoidance of emittance errors caused by condensation of
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decomposition products on the sample holder. There is also a need to determine
the effects of confinement pressure and volume on the kinetic parameters. Rogers
and Janney have made effective use of isotopic substitution in determining
reaction mechanisms (Brown, 1989).

o According to Beck and Brown (1991) it is uncertain whether the DTA signal
obtained from the sample can be regarded as a damped response to the ignition of
the pyrotechnic mixture or whether the conditions in the DTA apparatus result in a
modified, more controlled reaction in the sample. For this reason Beck and Brown
(1991) have modified TOPAZ 2D, a two-dimensional finite element code for heat-
transfer analysis, to allow for heat generation by a chemical reaction with
specified kinetics in an attempt to simulate the heating of a typical “slow-burning”
pyrotechnic composition in DTA. They found during this study that the enthalpy
of combustion may be overestimated by altering the thermal response of the
instrument (the thermal response is a function of the various thermal resistances in
the instrument). The DTA should therefore be calibrated using a material with a
thermal resistance comparable to that of the sample being studied. The extraction
of kinetic parameters from DTA traces also presented difficulties for Beck and
Brown (1991). They recommended that kinetic analysis can be done if confined to
the region of the DTA trace corresponding to the initial stages of the reaction and
if the instrument is of the type in which the averaged sample temperature is
recorded (Beck and Brown, 1991).

o Laye and Charsley (quoted by Beck and Brown, 1991) have stated that the
interpretation of DTA curves are difficult when ignition occurs. The ignition
temperature may be estimated but the exotherm will show temperature rises of
several hundred degrees. Another factor that can not be measured successfully at
ignition is the energy, which is released during ignition because of the inability of
DTA and DSC to follow the rapid rise in the temperature of the sample. Also the
removal of energy by gaseous products cannot be detected in this open form of

calorimetric system (Beck and Brown, 1991).
It is therefore felt that the processes observed during thermal analysis can be used to

explain the combustion process, however, that the values (i.e. activation energy,

kinetic parameters) obtained are not representative of the actual combustion
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conditions due to the ignition process difference as well as the difference in

compaction and the surroundings.
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5. PREVIOUS WORK

5.1 Reagent Properties

A number of authors have reported on the characteristics of some of the reagents

which are used by AEL or which have been used in this investigation.

5.1.1 Silicon

Silicon is one of the most widely used fuels in time delays. It is a chemically abundant
material readily obtained by chemical reduction of silane or by electrolytic
decomposition of molten mixtures of K,SiF¢-LiF-KF or SiO,-Na3;AlFs. When mixed
with a suitable oxidant and ignited, it provides relatively high heat outputs

(Rugunanan, 1991).

Silicon is generally unreactive except at high temperatures. Hackley et al (1997) has
stated that oxygen, water and steam have no noticeable effect on silicon. This is due
to the presence of a thin, continuous, protective surface layer of SiO,, which is a few
atoms thick. According to Hackley et a/ (1997), the presence of the oxide layer
prevents further hydrolysis, but also permits wetting of the powder and promotes the
particle dispersion through the development of an electrical double layer resulting
from the dissociation of acidic silanol (Si-OH) surface groups. This is despite a clean
silicon surface being hydrophobic (Hackley et al, 1997). On the other hand, Weiss
and Engelhardt (quoted by Pourbaix, 1966:462) have shown that silicon reacts slowly
with water. It has been stated that the silicon tends to decompose water with the
evolution of hydrogen and gaseous silicon hydride (SiH4) and the formation of silica
or silicates. This is often not apparent at room temperature due to the irreversibility of
the oxidation-reduction reactions of Si and the presence of a thin layer passive layer

of silica (Pourbaix, 1966:462).
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Silicon is however, susceptible to attack by halogens i.e. fluorine at room temperature,
chlorine at 300°C and bromine and iodine at 500°C. Molten silicon is extremely
reactive. Greenwood and Earnshaw (1984:385) recommend that when using crucibles
and molten silicon, the crucibles should be made of refractories such as ZrO, or
borides of transition metals in Groups IVA and VIA. With non-metals of higher
electronegativity, silicon forms non-polar Si3N4 and SiC and polar SiO; and SiF4 with

an oxidation state of +4.

Silicon is insoluble in water, but does dissolve in hot aqueous alkaline solutions
(Greenwood & Earnshaw, 1984:385). Zeulehner et al (1993:722) describe this
reaction as being extremely violent, even with dilute solutions and it leads to the
formation of hydrogen gas. Dillinger et al (quoted by Hackley et al, 1997)
recommend that silicon only be processed in acidic or weakly alkaline solutions as a
result of the increased reactivity of the silicon at high pH values. This reactivity is
further increased with increasing particle size (Hackley et a/, 1997). This means that
wet mixing of Si and any oxidant is limited by the pH range. This has been discussed
in section 10. Silicon is resistant to most acids except to mixtures of HF and HNO:s.
According to Zeulehner et al (1993:722), the HF etches the thin oxide layer, which is
present, and the HNO; in the solution reforms the oxide layer and the process is

repeated.

According to Davies (1999) silicon is a good fuel for delays as it is reasonably
energetic and forms slags which have good heat-retaining properties, however it often

reacts sluggishly except for the unusually fast reaction with lead oxides.

Silicon undergoes gaseous oxidation between 990-1200°C which is below its melting
point of 1410°C. Amorphous SiO; is formed. The oxidation has been found to be
accelerated by the presence of water and the formation of Si-O-H bonds has been
reported. Oxidation occurs at the Si/SiO; interface and therefore oxygen has to diffuse
through the oxide layer for the reaction to occur (Rugunanan and Brown, 1991,
Rugunanan, 1991). It thus appears that the reaction rate may be limited by the rate of
diffusion of oxygen to the Si/SiO; interface and the thickness of the SiO; layer.
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The nitridation of silicon by gaseous N, to form SizN, occurs at temperatures greater

then 1200°C (Rugunanan and Brown, 1991, Rugunanan, 1991).

During TG analysis, Rugunanan and Brown (1991) found that in a N, atmosphere the
silicon experienced a slight mass loss between 50-700°C due to the desorption of
surface impurities. Above 700°C there was a mass increase due to the slow reaction
with O, present in the purge gas and not nitridation which as mentioned previously

occurs above 1200°C (Rugunanan & Brown, 1991, Rugunanan, 1991).

Oxygen forms strong bonds with Si. The bond energy has been reported as 25.8kJ and
the observed bond length is 0.163nm (Runyan, 1996:834).

From the Ellingham diagram presented by Birchenall (1986:3356) it can be seen that
the oxidation of Si is possible by Cu,0, CuO, Fe;04, ZnO, SnO;, CoO, NiO, Cr,03
and MnO.

Elemental Si is inert and is only classified as a nuisance particulate with a TLV of
10mg/m3 . Most Si-compounds are poisonous and the silanes are highly explosive.
SiCly, SiHCI; and SiBrs decompose in the presence of moisture and form SiO, and the
corresponding acid. The long-chain chlorinated silicon polymers are unstable and

detonate under mild shock (Runyan, 1996:842).

5.1.2 Antimony Trioxide

Sb,0; has been employed in numerous applications, such as flame retardant in rubber,
textiles, paper, plastics and paints, as a stabiliser in plastics and as a catalyst/opacifier
in glass, ceramics and vitreous enamels. It can be produced by high temperature
oxidation of Sb or SbS; or it can be produced electrochemically (Mani et al, 1996,
Freedman et al, 1996:385-6).

Below 570°C antimony trioxide is dimorphic i.e. senarmontite - SbsOg. Sb,O3 melts
in the absence of O, at 656°C and partially sublimes before reaching the boiling

temperature of 1425°C. Sb,0; is insoluble in organic solvents and slightly soluble in
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water where it forms hydrates that are related to antimonic acid. In an acidic solution,
it dissolves to form a series of complex polyantimonic (IIT) acids. Freshly precipitated
antimony trioxide dissolves in strong basic solutions and forms the antimonite ion
(Sb(OH)s™). Other derivatives may be made by heating antimony trioxide with the

appropriate metal oxides and carbonates (Freedman et al., 1996:385).

Rugunanan and Brown (1991, Rugunanan, 1991) have reported the following thermal

behaviour in N, for Sb,O; heated to 1000°C in open Pt pans:

0 A rapid mass loss (94%) between 500-620°C, which meant that it sublimed before
its melting point of 656°C.

o The further mass loss (3.1%) between 620-800°C was the vaporisation of the

remainder of the Sb,0;.

Rugunanan and Brown (1991, Rugunanan, 1991) have reported the following thermal

behaviour in air for Sb,O; heated to 1000°C in open Pt pans:

o An endotherm between 500-650°C which corresponded to the oxidation of Sb,O;
by O, i.e. 2Sby03 (s) + Oz (g) = 2Sby04 (s).

g In air the sublimation and oxidation occur simultaneously.

o The mass loss (63%) was less than obtained by heating the Sb,O3 in Nj.

o There was a slight mass loss (1.7%) between 600-760°C followed by a mass gain
(3.8%) between 760-900°C due to the oxidation of unreacted Sb,0Os.

o A further mass loss (12-17%) occurred above 910°C as a result of the
decomposition of SbyOy.

0 The formation of Sb,Os during oxidation was not ruled out as the IR spectrum of

Sb,Os closely resembles that of SbyO4.

Long term exposure to SbyO; has been reported to result in pneumoconiosis and
emphysema. It is also a suspected carcinogen for humans as it has been carcinogenic
when inhaled by rats. Concentration limits for Sb,O; as reported by Herbst et al
(1985) are TLV O.Smg/m3 (as Sb) and TCLo 4.2mg/m3 during 52 weeks.
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5.1.3  Barium Sulphate

Heating BaSO, decomposes it, the rate increasing with temperature over the range
100-1500°C. The main products are BaO, SO, and O,. For this reason the melting
point differs in literature. BaSO,4 is insoluble in water, more soluble in hot
concentrated H,SO,4 and melts of alkali metal salts (Baudis, 1985:330). Beck (1989)
however found that BaSO,4 undergoes a crystal phase transition around 1156°C. The
addition of SiO; has been said to have a catalytic effect on the decomposition of
BaSO,s which may enhance the initial interaction between Si and BaSO4 (Beck,
1989).This phenomenon may explain the variable performance found for detonators
based on this composition. The SiO, content is a function of the age of the Si,
therefore the difference in SiO,-content may be found throughout a batch and hence

the varying burn speed in batches of this composition.

Insoluble BaSQy is non-toxic (Wolf, 1985:339).

5.1.4 Nanocat (Super Fine Iron Oxide)

Mach I produce a nano-size iron oxide. The structure of this catalyst has been
determined by Zhao et al (1993) as being FeOOH. Feng et a/ (1993) found that
annealing the Mach I product led to a 12% weight loss, which indicates that the
FeOOH converts to Fe,O3; by releasing water. The average particle size was also

found to be a function of the annealing temperature (Feng et al., 1993).

Feng et al. (1993) found that the nano-phase powder is water sensitive and may
absorb as much as 15% by weight of water upon prolonged exposure to the
atmosphere. The particles become linked by the adsorbed water molecules and form a
particle cluster (i.e. hydrogen bonding). At elevated temperatures, the water molecules
are readily evolved from particle linkages, leading to agglomeration of the small

particles (Feng et al, 1993).
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5.1.5  Iron Oxides

Rugunanan and Brown (1991, Rugunanan, 1991) have found that Fe,O; heated in air
and N, showed a linear mass loss (0.6%) between 60-940°C. Fe,O3 melts at 1457°C
(Ellern, 1986:267). Fe,O3 has been classified by Conkling (1996:681) as a slow
oxidiser due to it high melting point and endothermic decomposition meaning that it
will only sustain a self-propagating reaction with the most energetic fuels. This is an

example of how the nature of the oxidant affects the reaction rate.

Investigation into the reaction of Fe,Os; and Al revealed that three intermediate
reaction zones exist between the ferric oxide and Al. It was found that the
decomposition of Fe,0O; —>Fe;04—FeO precedes the interaction between the Al and

iron oxide (Wang et al, .1993).

5.1.6 1ead Oxides

Lead monoxide (PbO) exists in a reddish alpha form up to 489°C. It has a water
solubility of 17mg/L at 20°C and is soluble in HNOs3, alkalis, lead acetate, ammonium
chloride and chlorides of Ca and St (Carr, 1993:252-253). It melts at 885°C (Ellern,
1968:267).

Lead dioxide (PbO;) consists of fine flakes in either the orthorhombic alpha of the
tetragonal beta form. As mentioned previously, flaky powders react more readily than
regular, more uniform powder morphologies. This may be one of the variables that

account for the fast reactions encountered with Si-PbO, compositions.

PbO, decomposes to PbO when heated above 290°C. This is a low temperature
decomposition that can also account for the fast burn speed observed with Si. It is
practically insoluble in water or alkaline solutions. It dissolves in acetic acid,
ammonium acetate, HCI and a mixture of HCI and H,O,. It is a vigorous oxidising
agent. Pb3Oy is insoluble in water and ethanol, but dissolves in acetic acid or hot HCI

(Carr, 1993:252-253).
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Concentration limits for lead and lead-containing materials have been reported by
Adrian (1993:320) as being MAK value (lead) <0.Img/m’ and TLV-TWA value
(lead) <O0. 15mg/m3.

Triblehorn, Venables and Brown (1995) have found the following thermal behaviour

for PbO; and Pb3;0O, during a thermoanalytical study:

o DTA curves of PbO, in air and nitrogen showed a number of shallow, poorly
defined endotherms between 320 and 600°C. TG curves showed 2 overlapping
stages over 370-570°C; the first corresponding to the decomposition
PbO,—Pb304 and the second to Pb;04—PbO.

o DTA curves showed the endothermic decomposition of Pb3O4 at 560°C in N, and
580°C in air. The decomposition of PbsO4 to PbO occurred in a single step
starting from 550°C.

o DTA curves of PbO in air and N, showed 2 small endotherms at 280 and 330°C
with a slight mass loss. This is thought to be as a result of PbCO3 on the surface of
PbO.

5.1.7 Lead Chromate

The chrome yellow pigments are pure lead chromate or mixed phase pigments with
the general formula Pb(Cr,S)O,4. They are insoluble in water. Precipitating inert metal
hydroxides on the pigment particles may reduce the pigment’s solubility in acids and
alkalis and discoloration by H,S and SO,. Bayer (quoted by Adrian, 1993, 318) has
described pigments containing lead chromate stabilised in aqueous slurry with
silicate-containing solutions and antimony (III) compounds. Furthermore, Heubach
(quoted by Adrian, 1993:318) developed a process for the alternate precipitation of
metal oxides and silicates using a homogeniser to disperse the pigment particles
during stabilisation. Lead chromate has a low binder demand and good dispersibility

(Adrian, 1993:319).

PbCrO,4 with Ti metal or W-based compositions have been studied extensively. It was
found that for the Ti-based system the oxidation of the Ti was to TiO. The burning

rates were linearly dependent on the amount of inert material which was added to the
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mixture. The proportionality was also dependent on the fuel/oxidant ratio and
increased as the ratio increased. It was deduced that the rate determining step for the
Ti-based reaction was not the thermal decomposition of the oxidant but rather the
oxidation of the metal. This is unusual for pyrotechnic compositions. For the
W/PbCrO4 system the initial reaction step was proposed to be the decomposition of
the PbCrO,, followed by diffusion of the decomposition products to the W surface
where the W reacts with the oxygen. The volatile WO3 then combines with the PbO to
form PbWQ, or the PbO could decompose further (quoted by Beck, 1984).

PbCrO4 has been classified as a substance suspected of having carcinogenic potential,
but as yet epidemiological investigations have given no indication that practically

insoluble PbCrO4 has any carcinogenic properties (Adrian, 1993:321).

5.1.8  Copper Oxides

Cu,0 and red phosphorous have been used in the past and yield intermediate time
delays. Another alternative has been the use of Cu,O with Zn by Johnson (quoted by
Ellern, 1968:202). Watkins et al (1968:80) has also mentioned the use of copper
oxides as oxidant. It melts at 1230°C (Ellern, 1968:267).

5.1.9 Manganese Oxides

According to Greenwood and Earnshaw (1984:1048), MnO; is an unstable oxide as it
decomposes to Mn,03 above 530°C and is a useful oxidising agent. Lower oxides of
manganese are basic and react with aqueous acids to give salts of Mn®" and Mn®"
cations, whilst higher oxides of manganese are acidic and react with alkalis to yield

oxoanion salts (Greenwood and Earnshaw, 1984:1049).

MnQ; is not extensively used in delay compositions as the dioxide is not stable and its
decomposition is largely dependent on its method of manufacture. It has been used
with FeSi where it was claimed that the rate of decomposition of MnO, was

independent of the component ratio and that mixtures with the highest rate of reaction
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generated the lowest heat of reaction (quoted by Beck, 1984). Beck (1984) has found
that thermal behaviour of MnO, was not reproducible and depended on the source. It
was also used by Beck (1984) in conjunction with Sb. Thermal analysis of 50%
Sb/MnO, showed a gradual mass loss (decomposition of MnQO,) followed by a rapid

mass gain and strong exotherm around 500°C.

5.1.10 Copper Antimonite

Harding (quoted by Mellors, 1933:432) obtained the compound by adding a dilute
solution of copper sulphate to an excess of a saturated solution of antimony trioxide in
potash lye. The green crystalline powder that Harding (quoted by Mellors, 1933:432)
produced was soluble in hydrochloric, tartaric or citric acid. When heated in an open
crucible, it first evolves antimony oxide and then explodes, leaving a residue of
antimony trioxide and copper oxide. When heated in a closed vessel, the powder was

found to leave a residue containing metallic copper (Mellors, 1933:432).

5.2 Silicon as a Fuel — Compositions Reported in Literature

Figure 5-1 (a and b) contains a summary of Si-based compositions which have been
reported in literature. Summaries based on the reported literature of the compositions

which are used by AEL or were used in this study follow Figure 5-1 (a and b).
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Silicon as Fuel

|

v

v

Binary Compositions Ternary Compositions

SnO,: Davitt and Yuill (1983) Burn
speed:759-3181ms for 25.4mm element g

Zr, Bi,03: Boberg et al (1997) burn
speed:76-100mm/s.

and 12mm Pb;O, element. Rugunanan
and Brown (1991) Burn Speed: 5.1mm/s- N
17mm/s. Goodfield and Rees (1985).

MnO, Bi,05: Boberg et al (1997)

burn speed: 20mm/s.

Pb3O4: Snegirev and Talalov (1991). >

Si0,, Bi,0O3: Boberg et al (1997)

burn speed: 11mm/s.

Moghaddam and Rees (1981). Hale
(quoted by Ellern, 1968: 197). >

SnO,, Fe,O3: Rugunanan and

Brown (1994c¢). Rugunanan (1991).

Hedger (1983). Al-Kazraji et al,
Nakahara & Hikita (quoted by

Rugunanan and Brown, 1991).

SnO,;, Sby;0;: Rugunanan and
Brown (1994c). Rugunanan (1991).

PbO: Moghaddam and Rees (1981).

Fe,O3, Sb,O;: Rugunanan and
Brown (1994c). Rugunanan (1991).

,| Al-Kazaraji and Rees (1979a).
Goodfield and Rees (1985).
PbCrO4: Hale (quoted by Ellem,

SnO,, KNO;: Rugunanan and
Brown (1994c). Rugunanan (1991).

™ 1968: 197). Rugunanan (1991).

BaSOs: Beck (1989). Beck and

KNO;, Fe;05: Rugunanan and
Brown (1994c¢). Rugunanan (1991).

i Flanagan (1992). Kelly (quoted by

Rugunanan and Brown, 1991).

B, K,Cr,07: (quoted by
Rugunanan, 1991).

Bi,0;: Boberg et al (1997) Burn

speed:5Smm/s and 35mm/s.

Sb,S;, Pb,0s5: (quoted by
Rugunanan, 1991).

™ PbO,: McLain (1980).

Fe, MnO;: (quoted by Rugunanan,
1991).

Fe,O;:  Goldschmidt (quoted by

McLain, 1980). Rugunanan and N
| Brown (1991). Spector et al (Quoted

NaF, Pb;0y4: (quoted by
Rugunanan, 1991).

by Wang et al, 1993).

Figure 5-1(a): Si-based Compositions Reported in Literature
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