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Abstract: Gasless pyrotechnic delay compositions for time-
sequencing energetic events are reviewed. They are mixtures of
powdered fuels and oxidants capable of a highly exothermic
oxidation-reduction reaction. Trends favor ‘green’ compositions
targeted to replace compositions containing perchlorates,
chromates, lead and barium. Thermite-based reactions dominate
but intermetallics (especially multi-layered versions) and hybrids
appear promising considering progress in self-propagating high
temperature synthesis technology. Improving computer modelling
will require better description of condensed phase reactions.
Progress was made with the development of “hot spot” models
and expressing reactivity in terms of the number of contact points
(or contact surface area) between particles. Promising processing
advances include mechanochemical synthesis of reactive particle
composites by arrested milling or comminution of cold-rolled
multilayer intermetallics. Dry mixing of reactive powders has
made way for slurry mixing followed by spray drying.
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1. Introduction

The timing of energetic events is important in both mining and in
military applications. For example, hand-held signals use a delay
element to properly sequence the expulsion of illuminating rounds
at the rockets’ apex [1]. Similarly, effective mining blasts must
follow a precisely controlled timing sequencing of the explosive
charges according to an assigned firing order [2]. Only in this way
can the required rock fragmentation and desired rock mass
movement direction be achieved while at the same time
minimizing undesirable vibration levels. In both cases pyrotechnic
compositions can provide the necessary timing delays.

1.1. Safety fuse and gassy delays

Pyrotechnic delay compositions can be considered gassy or
gasless during their combustion. For confined environments
‘gasless’ compositions are preferred. In other applications, such
as the unconfined fuse in a firework, gaseous combustion
products are of little concern. In fact, there are applications where
gassy ‘chemical timers’ offer advantages, e.g. in inexpensive
munitions such as hand grenades and signaling devices [3]. Until
World War Il, black powder was the basis of virtually all delay
elements and it is still used for this purpose among others.
Modern gassy pyrotechnic time delay compositions include
compositions based on combinations of boron carbide, sodium
periodate, and PTFE [4], Si/Bi,03/Sb,03 and Ti/C-3Ni/Al [5].

Another promising avenue for gassy time delays is offered
by red phosphorus/nano-metal oxide systems [6]. The
combustion rates strongly depend on the nature of the metal oxide
(NiO <Fe;03<<Cu0). The temperatures reached are high enough
to cause the gasification of phosphoric anhydride produced by the
combustion. For this reason, red phosphorus-nanothermites
should be considered gas-generating systems. The CuO/red
phosphorus system possesses an impressive reactivity. The
combustion rate increases linearly with the fuel content and
reaches 175 mm s! at 50 wt-% red phosphorus.

Pyrotechnic fuses or safety fuses can be constructed from
a variety of materials. They usually consist of a reactive core
covered by a protective sleeve in order to prevent environmental
damage to the core [7]. Black powder fuses constructed in this
manner typically have a core composition consisting of 55-75
wt-% potassium nitrate 5-20 wt-% charcoal with the rest
comprising of sulfur [7]. Upon ignition the black powder core will
burn at a steady rate, transferring the flame front to the detonator.
Alternatively, it has been suggested that fluoropolymer-based
systems could be used in a similar fashion [8]. The production of
the fuse can be simplified by extruding a fluoropolymer filled with
a suitable fuel, e.g. aluminum, since it will only consist of a single
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part. In this case the polymer acts as both the protective cover
material as well as an active ingredient of the composition.

The drawback associated with the use of black powder is
the significant volume of permanent gas formed during
combustion (about 300 cm®g~! of mixture) [9]. Modern weapons
require higher performance levels with respect to reliability and
reproducibility under a wide range of environmental conditions
(pressure, temperature, moisture). This led to the replacement of
the gassy delay systems with gasless delays. Actually, the latter
are not exactly gasless as they do produce a small amount of
permanent gas during combustion [10]. However, they do provide
an advantage with respect to greater combustion stability as the
burn rate is less affected by pressurization of the burning front.
Therefore, gasless delay elements provide constant time intervals
that are largely unaffected by external conditions, i.e. the time
delay is the same whether the system operates at great depth
underwater or in the vacuum of space. Moreover, hermetically
sealed delay elements incorporating gasless delays can be stored
for long periods without deterioration [11].

There is a promising new field developing around multilayer-
structured delay compositions. However, this review is limited to
‘gasless’ delay compositions based on compacted powder mixes.

1.2. Gasless delay elements

In modern mining and quarrying practice, shock tubing is used to
transport the initiating signals to the explosive charges [12]. The
delay element system is an assembly comprising an ignition
source, a small-diameter tube containing a compressed
composition and an ignition transfer system [11]. The delay
elements in the shock tube detonators provide the required delay
between the time of ignition (received from the spit of the shock
tubes) and the initiation of the explosive base charges. The
combustion process of the pyrotechnic composition provides the
required delay time interval between successive explosive events.
Typically this ranges from a fractions of a millisecond to several
seconds.
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Figure 1. Typical pyrotechnic time delay composition along with its position as
commonly used in non-electric detonators [13].

The pyrotechnic time delay element itself typically consist of
a metal tube (aluminum, brass, lead, etc.) that holds the
compressed-powder time delay composition. Usually a small
section of the time delay composition is replaced by a starter
composition to ensure reliable ignition. Figure 1 shows a typical
pyrotechnic time delay element along with its position as
commonly used in non-electric detonators [13]. The operation of
this type of detonator was explained by Tsang [13]. At the one end
the shock tube is connected into the detonator delay element. The
tube is isolated from the chemical reactants of the delay element
by a plastic cup which is there to prevent any accidental
electrostatic discharge from the tubing which might initiate the
delay element. The plastic cup is easily broken by the shock wave
as it enters the detonator. The spit of hot particles and gas from
the shock tube enter the chamber, and ignite the starter
composition. This composition is designed to pick up the initiation
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signal, facilitate the ignition of the time delay composition and to
seal the rest of the pyrotechnic column. This prevents any gas
produced by the chemical reaction within the delay column to
escape. The combustion wave then travels down the delay
element. When it reaches the end, it is converted back into a
detonation wave by sequentially first initiating a primary explosive
composition (e.g. lead azide) that then sets of a base charge, e.g.
PETN.

1.3. Delay compositions

The required firing time delays in the detonator trains is provided
by a suitable pyrotechnic composition. Typically it takes the form
of an intimate mixture of solid, powdered fuels and oxidants
capable of a highly exothermic propagating oxidation-reduction
reaction [14]. The composition should be readily ignitable but
should be safe from both the explosive and health points-of-view
[14]. The delay combustion reaction must be exothermic, self-
sustained and self-contained and proceed at a constant
predetermined rate [15] unaffected by changes in the ambient
temperature [14]. Since the detonator is a sealed unit, the
combustion reaction should be relatively 'gasless' to minimize the
effects of pressure on the burn rate [14]. Following ignition, a
combustion wave travels down along the tube at a constant speed
that ensures the transmission of initiation impulse to the detonator
in a precisely adjustable time interval. Delay times will be constant
and linearly related to the length of the element if all these
requirement are met.

Any combustible composition will take a finite time to burn
over a given length. However, the requirements of safety, time
reproducibility and ignition transfer reliability, particularly in
modern military applications, have resulted in the development of
specific formulations known as pyrotechnic delays. Compositions
of this type, when consolidated into a tube, burn at reproducible
linear rates. Silicon fuel-based pyrotechnic compositions, e.g.
Si/Pb3O4 [16] and Si/BaSO. [17] are widely used commercially in
mining applications. Lead-based compounds are considered toxic
and the mixtures are sensitive to ignition during dry mixing, whilst
BaSO,-based mixtures have variable ignition performance.
Although barium sulfate is insoluble in water and decidedly
nontoxic, the reaction products produced by the Si-BaSO,
compositions were found to release soluble barium ions when
contacted with water [18]. Several alternative oxidants to be used
in combination with silicon have been proposed, these include
CaSO4 [19], sb6013 and Bi203 [20]

1.4. The drive towards “green” pyrotechnics

Many commercial pyrotechnic compositions still contain
compounds associated with significant health and environmental
concerns [21]. This includes perchlorates [22] and heavy metals
such as lead, barium, and chromium as in chromate-based
compounds [23]. These chemical entities are deemed to be
environmentally unfriendly and may pose a potential health
hazard especially when they leach into soil and water sources [22].
As a result, there are increasing health and safety legislative
requirements designed to eliminate them from delay compositions
[21]. This has led to concerted efforts to find ‘green’ replacements
for traditional compositions. More ‘environmentally friendly’
oxidizers, e.g. potassium ferrate [24], and formulations have been
proposed including B/Fe;O3 [25], Mn/MnO; [26], Ti/C-3Ni/Al [27],
B4C/NalO4/PTFE [4], Si/CaS0O, [19], and W/MnO; [28].



2. Basic thermodynamic principles

2.1. Thermodynamics of condensed phase reactions

Pyrotechnic compositions are usually made by mixing the fuel and
oxidant as finely-divided powders (sometimes additives are
included to promote particular properties) [29]. During combustion,
some constituents remain in the solid state, while others melt,
vaporize, or decompose to yield some gaseous products.
Mechanisms encountered may thus cover the wide field of solid—
solid, solid-liquid, solid-gas, and possibly even liquid-gas and
liquid-liquid reactions.

Conventional gasless pyrotechnic time delays are based on
oxidation-reduction reactions between an oxide and a metallic or
non-metallic element. A unique characteristic of such reactions is
the virtually complete dependence on a favorable enthalpy
change (AHr < 0). The second law of thermodynamics demands,
as condition for the spontaneity of a reaction conducted at
constant temperature and pressure, that the Gibbs free energy
change of the reaction, AGr = AHr - TASg, be negative. The
entropy change, ASr, for reactions yielding crystalline solid
products is usually very small. In addition, Kopp's rule states that
the sum of the atomic specific heats remains unchanged. Thus,
the only way in which AGr can be large and negative is for AHr to
be negative, i.e. the reaction must be highly exothermic.

Ellingham diagrams [30] provide a first-cut approach to
establish whether a proposed fuel/oxidant reaction is
thermodynamically feasible. They show the variation with
temperature of the standard Gibbs free energy of formation (AG®)
of the oxides of metals and non-metals. The location of the plots
on the Ellingham diagram indicate the relative tendencies of the
elements to combine with oxygen. This permits rapid evaluation
of the reducibility for a specific oxide or sulfide by a given
elemental reducing agent. Figure 2 shows an Ellingham diagram
for selected manganese oxides with oxygen taken as a gas at a
partial pressure of 1 atm. In Figure 2 the formation of an oxide
from its element is written in the following standard form:

(2xly) M + Oz — (2ly) MOy

0.0
- a.Mn + O, - MnO,
-0.1 F b. 4/3Mn + O, — 2/3 Mn,04
I c.Mn + 02 - VZMn304
02 d. Mn + O, —> 2MnO a

AG® (MJ [mol O,] ')

900 1200
Temperature (K)

1500

Figure 2. Ellingham diagram for manganese oxides at a system pressure of 0.1
MPa [26].
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For example, consider for the following oxidation reactions:
2Mn+0; — 2MnO (I), and Mn+O, — MnO; (Il). The reduction of
manganese dioxide by manganese metal is expressed by:
Mn+MnO; — 2MnO (IIl). Note that this net reaction is obtained by
adding the ‘reverse of the second reaction (Il), i.e. in the form of a
reduction reaction, to the first reaction (l). Since O, then appears
on both sides, it just cancels out and does not appear in the net
reaction (). Thus the difference at a given temperature, between
the values of AG° on the diagram for these two reactions,
represents the Gibbs free energy change or, in other words, the
driving force for the reaction.

The lower down on the diagram the curve for a particular
oxide lies, the greater is its stability and the lower is its reducibility
[30]. In Figure 2, for example, the curve for the formation of the
oxide MnO lies lower than that of all the other manganese oxides.
This implies a positive tendency for the net reaction to proceed
and this insight led to the discovery of ‘green’ Mn/MnO;
pyrotechnic delay composition [26].

2.2. Adiabatic reaction temperature

The combustion events in the delay element must, per force, be
associated with high-temperature reactions otherwise it will not be
self-sustaining. An important parameter in this regard is the
adiabatic temperature of combustion, T.. This thermodynamic
parameter is the temperature to which the product is raised under
adiabatic conditions as a consequence of the evolution of heat
from the reaction itself [31]. Consider, as an example, an
irreversible reaction: A(s) + B(s) — C(s). The adiabatic reaction
temperature Taq is the maximum temperature to which the product
C, with melting point Tm, can be raised beyond an initial
temperature (Ti) as a result of the exothermic heat of reaction.
Assuming that melting is the only phase change that occurs, the
adiabatic reaction temperature, for the reaction starting at T;, is
calculated as follows:

AH,, = LT CpdT + AH, + j: Cp,dT M

where AHr and AHn are the enthalpy changes associated with the
reaction and the melting of the product; C, is the heat capacity
and the subscripts s and | refer to the solid and liquid forms of the
reaction product. Clearly, preheating of the reactant mixture will
result in a higher Tas. When no phase transition occurs, and
physical properties can be assumed constant and independent of
conversion, the adiabatic reaction temperature is

T, =T +(-aH,)/C, @

In most cases phase changes will occur at some
temperatures below the actual reaction temperature. Later on
elementary models for ignition and the burning rate will be
explored and it will be convenient to use equation (2) even when
there are phase changes with associated latent heats. Usually the
temperature gradients are extremely large in the vicinity of the
combustion front. In such cases ignoring the phase change details
is an admissible approximation provided the heat of reaction is
adjusted for their effect. Therefore, equation (2) will be assumed
valid except that the quantity —AHr is replace by the ‘heat of the
reaction’ Q. The latter is equivalent to the enthalpy of the reaction
corrected for all phase changes occurring below the reaction
temperature.

Numerous thermite  and intermetallic  energetic
compositions can be considered for delay composition design.
Fischer and Grubelich [32] provide comprehensive lists with
energetic properties, including the adiabatic reaction temperature,
that are useful for identifying promising candidate systems.



3. Condensed phase reactivity

The theoretical redox reaction normally postulated in inorganic
chemistry takes place in a solvent. In contrast, the reactions of
inorganic redox systems used for pyrotechnics take place as
solid-solid, solid-liquid or solid-gaseous state reactions [33]. The
reaction mechanism, of pyrotechnic delay compositions, is
intimately linked to the fuel/oxidant phases at the temperature of
the reaction [34]. Possibilities include: (a) molten fuel/solid oxidant,
(b) solid fuel/molten oxidant, (c) solid fuel/solid oxidant, and (d)
solid fuel/decomposed oxidant.

A ‘true” solid-solid reaction is reportedly [35] presented by
the tantalum/carbon reactive system. It features a very high
energy of reaction and an adiabatic combustion temperature of
2743 K. This is still significantly below the melting points of both
the reactants, as well as any intermediate phases and final
products. Nevertheless, a combustion wave can propagate in
nano-scale Ta/C mixtures owing solely to a solid—solid reaction
[35].

Itis possible to infer aspects of the reaction mechanism from
differential scanning calorimetry (DSC) traces [34]. The
temperature at which the oxidant undergoes physical or chemical
changes, plays a significant role at the start of the main reaction.
If either the fuel or the oxidant is in the molten form at the reaction
temperature, a single exothermic peak is observed while with truly
solid-solid reactions, the DSC traces have a double peak
appearance [34].

3.1. The solid state

Most solids are crystalline in nature, i.e. they have a
homogeneous structure in which the constituent atoms are
arranged in a regularly repeated pattern. These repeated units are
linked together in different ways: covalent bonds, ionic, metallic,
or sometimes hydrogen and van der Waal’s bonds. The physical
properties of a solid depend largely on the bonding forces and the
specific crystal structure. With pyrotechnics the crystal habit, i.e.
morphology also plays an important role [36]. However, the
reactivity of a solid is highly dependent on the presence of
imperfections such as lattice defects in the bulk solid [37]. The
lattice defects that play a major role in the reactivity of solids
include (a) inherent defects, e.g. Frenkel and Schottky defects
which are related to interstices and vacant sites in the lattice
respectively; (b) non-stoichiometric defects due to the presence
of some cation vacancies, e.g. Fe1xO, and (c) crystal dislocations.
It has been observed that reactions of a liquid with a crystal often
begin at defect locations where bonds have been weakened [37].

Solid-state reactions. In the course of a solid-solid reaction,
different steps such as nucleation, growth, and transfer of matter
across phase boundaries (by diffusion) occur. Besides defect
thermodynamics, the diffusion theory forms the basis for the
explanation of solid-solid reactions. Reaction between a metal
and a non-metal proceeds by two possible mechanisms: either
the non-metal migrates through the product layer to the metal
interface, or the metal migrates in the reverse direction. Since the
reactant can migrate through the ionic product layer only as ions,
electrons must also accompany the ionic migration. It seems that
reaction will not take place if the product layer is not capable of
conducting electrons [37].

The role of defects in semi-conductors [37], is illustrated by
the reaction Ge + 2 MoOz — GeO; + 2 MoO,. Ge doped with an
n-type dopant (As or Sb) reacted with MoO3; much faster than Ge
doped with p-type dopants (Ga or In). The reactivity of Ge also
depended on the concentration of the dopants. Increasing the
concentration of the n-type dopants increased the rate of reaction,
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whereas increasing the concentration of p-type dopants
decreased it. These observations are in agreement with the
postulate that an oxidation-reduction reaction necessitates the
transfer of electrons and can usefully be compared with semi-
conductor activity. The reducing agent is the electron donor and
the oxidizing agent is the electron acceptor. This is analogous to
the activity at an n-p semi-conductor junction where the n-type
crystal creates the space charge potential by donating electrons
to the p-type crystal. Therefore, an n-type reducing agent (Si
doped with As) should be more reactive than a p-type (Si doped
with Al) [37].

Tribelhorn et al. [38] studied the burning behavior of
Zn/KMnO4 mixtures, compacted to pressure up to 150 MPa, in the
composition range 30-75 wt-% Zn. Based on thermal analysis
results, they suggested that the Zn diffuses into the solid residue
formed during the first stage of KMnO, decomposition. An
exothermic reaction starting at 520°C was observed and
attributed to the reaction of Zn with this ‘KMnO,’-residue [11].

Drennan and Brown [39] studied the combustion of the
Mn/BaO,, Mo/BaO,, Mn/SrO, and Mo/SrO, systems and
Tribelhorn et al. [40] studied the Fe/BaO, and Fe/SrO,
combinations. Considering the corresponding radii of the different
metal atoms and ionic species involved in the combustion, the
diffusion via cation vacancies in the oxidant structure should be
favored in the BaO; lattice rather than in the SrO, lattice. However,
for comparable oxidation states, the differences between the
behavior of Mn and Mo based on geometry should be small.

Examination of the products from the combustion of
Zn/peroxide systems showed that oxidation of the metals was
generally incomplete, probably because of the presence of
protective oxide layers [38].

The above observations lead one to the conclusion that
diffusion effects will aimost always affect the reaction rate in solids.
Diffusion effects should therefore be taken into account when
modelling the solid-state reactions of pyrotechnic compositions.

Solid-liquid reactions. Howlett and May [41] have shown
that for the B-K,Cr,O7 system, the ignition process is dependent
on the transport of matter through a liquid phase. The combustion
zone then propagates as a molten front. Hence, eutectic oxide
compositions have been used to increase the velocity of the
combustion wave front. They probably improve the reaction
kinetics by increasing the interfacial contact area between the
reactants. In these systems the surface tension of the liquid phase
is relevant, because it determines the wettability of the granular
reactants. Tribelhorn et al. [38] noted that the surface tension of
Zn at its melting point is high compared to other low melting point
metals, i.e. about twice that of Sb and Pb. Therefore, the
movement of liquid Zn through pores and channels does not occur
readily because the oxidant surfaces are not easily wetted.

Solid-gas reactions. There are stark differences in the
burning behaviors of loose and consolidated (compressed or
compacted) powders [11]. Consider a container filled with a loose
pyrotechnic composition. An uncontrolled reaction ensues
on initiation of the reaction because of the low bulk density of the
filling, the convection of combustion products (gases, liquid and
thermal radiation) and the hot air through the voids. This may
eventually lead to an explosion because of the confinement
imposed by the container. By contrast, in the compressed sample
convective transport of the combustion products through the
consolidated column is strongly impeded. Combustion is
therefore confined to a relatively thin propagation zone known as
the ‘burning front’.

Pyrotechnic systems differ with respect to their sensitivity to
compaction [38, 40]. The burn rate in the Fe/BaO; system initially
increases with increase in compaction pressure [40]. Increase in
compaction pressure increases interparticle contact and this aids



solid-solid reactions. At higher compaction pressures the rate
decreases again. This suggests that gas transport ahead of the
burning front is also important. In fact it was concluded that the
combustion wave in this iron system is preceded by a flow of
oxygen generated by the decomposition of the oxidant.

In other systems, e.g. Zn/KMnO,, the burning rate is
decreased by compaction [38]. This behavior suggests that in this
case the reaction rate is determined by solid-gas reactions:
Oxidants such as SrO, and KMnO4 decompose without melting to
produce oxygen gas and a solid residue. Increased compaction
may decrease the surface accessible to the oxygen gas or may
trap the gas in closed pores. In loose powders the oxygen gas
flow is not impeded and burning is fast.

Burning in the Sb/KMnO,4 system also occurs via gaseous
intermediates. In this case the gas (O;) arose from the
decomposition of the oxidant and possibly even from the volatile
Sh,03 reaction product [42]. The Zn/Pbs;O,4 system is even more
complex. Here the gas phase contains Zn and Pb vapors as well
as the O, generated by the decomposition of the oxidant.

3.2. Solid reactivity

Chemical reactivity of solids is affected by the degree of lattice
vibrations. As temperature rises, crystal atoms or ions vibrate with
increasing amplitude about their average positions in the lattice.
This can be thought of as the ‘loosening’ of the bonds holding the
solid together. Diffusion is enhanced and the atoms may
exchange positions. At a sufficiently high temperature this leads
to melting. In addition, at a lower temperature this may induce a
transition from one solid state to another, i.e. a phase change.
Tamman used the ratio of the temperature of the solid to its
melting point as a rough measure of lattice loosening [43]. lonic
surface mobility becomes effective at T/Tm = 0,3 and lattice
diffusion at T/Tm = 0,5 [37]. Enhanced reactivity is also observed
near other phase transition temperatures, due essentially, to a
similar occurrence of lattice disturbances. This is called the
‘Hedvall effect’ [37].

Mclain [37] lists the following important factors that influence
solid reactivity: Deviations from the normal crystallographic or
amorphous structure of a substance; lattice defects in the form of
hereditary structures; formation of imperfect structures, e.g.
transition from one modification to another on thermal
decomposition; presence of guest entities in the lattice;
differences in the crystallographic formation of different surfaces;
corrosion; adsorption and catalysis; irradiation by absorbable
wavelengths, and changes in the magnetic state or the electric
state of the material.

Hereditary structures. The history of the sample and the
way in which the material was prepared or crystallized, its
impurities and defect content, all influence its further behavior. For
example, sulfate-derived oxide (Fe;Osz) was more reactive than
Fe,O3 derived from iron oxalate despite the fact that the former
had a larger average particle size [37]. X-ray powder diffraction
patterns revealed that the sulfate-derived Fe,O; was less
crystalline. Another example is provided by the large differences
in the reactivity of fine iron powders obtained through different
routes, i.e. atomization, iron carbonyl decomposition, electrolysis
and reduction of an iron(ll) compound [44]. In this case it was the
nature of the iron oxide layers that formed on the surface of the
particles during synthesis that affected the reactivity.

Mechanochemical activation. Milling, pulverizing,
atomizing and grinding are considered to be interesting
techniques for breaking down as many atomic bonds as possible
before the materials are used in combination with another
reactant. Fracturing macroscopic crystals creates new surfaces,
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edges and corners where the atoms are not bonded as strongly
as internal atoms. This enhances the reactivity. Similarly milling
may enhance reactivity more by introducing lattice defects and
distortions rather than by reducing the particle size [37].
Mechanochemical preparation imparts unigue ignition properties
to- and affects combustion mechanisms of reactive materials [45].

Doping and co-crystallization. Doping KCIO; with
Cu(ClOs), made it supersensitive to the extent that its mixtures
with sulfur were capable of a spontaneous high-order detonation
[37]. Similarly, doping of NiO with LiO2 and Cr,O3 had a positive
effect on the reactivity of NiO. Doping achieved via co-
crystallization of precursors also makes Fe,O3; more reactive [37].
The doping was accomplished by growing crystals of
CuS04-FeS04.xH20 or NiSO4-FeS04.xH-0O in an acidic solution
of the salts. The crystals were subsequently decomposed in O; at
200 - 250°C to produce Fe,Os. This also improved the calorific
value of a 50:50 Fe,Os-Ti mixture.

Passivating oxide surface layer. The outer surface of
most metal- and also silicon particles are covered by a passivating
oxide layer. The thickness of this layer, and especially the relative
thickness in the case of nanoparticles, has a major effect on
ignition behavior [46]. Suitable coatings applied to the fuel
particles can protect them against oxidation [47]. However, this
approach can be a double-edge sword, because some chemical
coatings can react with the underlying metal, especially when the
coating was applied on particles which did not already possess
an adequate oxide layer with passivating properties. In the case
of aluminum, surface coatings of perfluoropolyethers can promote
surface activity [48].

Presence of water. The role of water vapor as catalyst and
accelerator in pyrotechnic reactions is well known. The burning
rate and color of firework star compositions depend markedly on
very small changes in the moisture content. A very small amount
of 0.1% H,O (moisture content) seems to be most effective.
Above this proportion, there is an inhibiting effect [37]. Moreover,
it is well known that the presence of water vapor has a noticeable
effect on sintering, structural rearrangement and crystal
coarsening of oxides. These phenomena are ascribed to the
chemisorption of water vapor on oxide surfaces and interfaces.
This leads, among other things, to an increase in the surface and
particle boundary mobility of ions.

Corrosion inhibition. Chemical treatment to protect
powder against corrosion by atmospheric moisture or against
contact with water is also a form of inhibition. This process does,
therefore, lengthen the life of more reactive materials, including
Al, Zn and Mg [37]. Chemical treatment has also been used to
prevent hydrogen evolution form fuels during wet mixing of
compositions [49].

4, Kinetics

4.1 Condensed phase reaction kinetics

The expression to be used for describing the chemical reaction
rate in solid pyrotechnic composition is a contentious issue. The
reaction mechanisms in condensed phase processes are very
complex as they occur in multiple steps with diffusion effects also
playing a role. Some sort of simplification is essential in order to
make mathematical analysis tractable. The single-step kinetics
approximation employs the assumption that the reaction rate can
be expressed as a product of two separable functions that are
independent [50]. The first one, i.e. the reaction constant k(T),
depends solely on the temperature T and the other one, f(x)
depends solely on the conversion of the reactants:



dx
r=—=k(Mf(x (3)

dt
Equation (3) is named the general rate equation as it resembles
a single step kinetics equation, even though it is a representation
of the kinetics of a complex condensed-phase process [50]. While
it is primarily a convenient approximation, its validity can be
justified for processes that either involve just a single-step or that
are dominated by a sole rate-limiting step [50].

Temperature dependence of the apparent Kinetic
constant. It is conventional to assume that the rate constant k
follows simple Arrhenius kinetics:

k=K, exp(-E, /RT) 4)
where ko is the pre-exponential factor and Ea is the activation
energy.

While, in general, the single-step approximation cannot
represent a ‘true’ kinetic model, it can be considered a valid
approximation when it fits, simultaneously, all experimental
thermal analysis data yielding an unique f(T) function [51]. That
means that validation of the hypothesized rate expression
requires that the kinetic analysis must simultaneous fit all the
experimental data representative of the solid-state reaction
obtained under different temperature evolution conditions, i.e.,
isothermal, linear heating rate, modulated temperature, and
sample controlled [51]. Every experimental T-x-dx/dt triplet should
fit the general differential equation independently of the
experimental conditions used for recording such a triplet. A valid
kinetic model would fit all of the experimental data yielding a
unique activation energy and pre-exponential factor.

Apparent activation energies determined from pyrotechnic
temperature profile analyses yielded values about an order of
magnitude less than results obtained by thermal analysis [52].
Such low activation energies for the pyrotechnic reaction likely
imply control by a diffusion mechanism [53]. To correct for such
diffusion effects, Laye [52] proposed the apparent rate constant
should be viewed as a combination of a “true” Arrhenius reaction
rate constant (kar) and an activated diffusion:

1 1 1

==+ — (5)

k K, BT

The second term on the right, in equation (5), represents the
contribution by a diffusional effect. Equation (5) combines
Arrhenius behavior dominating at low temperatures (which
predicts a rapid rise with temperature) with diffusion-controlled
behavior at high temperature, where the rate becomes less
dependent on temperature.

Condensed phase kinetics. Many solid-state kinetic
models have been developed over the years. Models currently
used in solid-state kinetic studies can be classified according to
their mechanistic basis as nucleation, geometrical contraction,
diffusion, and reaction order [54]. The Kkinetics of solid-state
pyrotechnic reactions are affected by particle size and shape and
also the particle-size distribution [55]. At the particle level the
reactions proceed by the advance of the reaction interfaces
inward toward the center of the particles. In practice, the
conversion values of the individual particles vary because of
gradients in the temperature and variations in the partial pressure
of evolved gas within the sample matrix caused by mass and the
heat-transfer phenomena [55]. Khawan and Flanagan [56]
summarized the commonly employed conversion models and
present their mathematical development. These feature rather
complex f(x) expressions. Pérez-Maqueda et al. [51] found that
most of the models extensively used in the literature and even
their deviations produced by effects such as particle size
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distributions or heterogeneities in particle morphologies, are
adequately approximated by the empirical equation
f(x) = Cx" (1-x)’ ©)

where C, m and n are adjustable constants. The great advantage,
of using this expression, is that it facilitates the combined kinetic
analysis of data obtained under any experimental conditions
without any previous assumption about the kinetic model followed
by the reaction [51].

In pyrotechnic studies, models based on homogeneous
kinetics (e.g., those applicable to chemical reactions in gas or
solution phases), have been popular for kinetic studies. Assuming
Arrhenius kinetics for the rate constant, the general expression for
nt" order reaction kinetics is:

dx n
r = Pl k,exp(—E,/RT)(1-x) @)
Where ko and Ea are the pre-exponential and activation
parameters for the Arrhenius expression detailing the effect of
temperature, R is the gas constant and x is the degree of
conversion.

4.2. Elementary model for a cylindrical delay element

Radhiation &
convection to
ambient air

Conduction
through tuboe
walls
Heat
generated by
exothermic
reaction

reaction
zone Propagation of reaction

Figure 3. Schematic illustration of the simplified model of a delay element
showing the heat flows affecting performance.

Figure 3 shows a schematic of an elementary but valuable model
for investigating the conditions necessary for ignition and
sustained combustion in a cylindrical delay element [57]. The
model and analysis are based on the following assumptions: The
element takes the form of a symmetric cylindrical body; the solid
phase is treated as one-dimensional homogeneous continuum in
which heat transfer takes place by conduction only; the chemical
reaction is the only source of the local heat generation and heat
is lost to the environment at the surface of the body and occurs
because of the differences in temperature between the surface
and the external medium; phase changes such as melting and
evaporation are neglected, and physical and transport properties
are constant, i.e. independent of temperature and conversion.

Figure 3 illustrates schematically the configuration as
considered in cylindrical coordinates. The element center line
forms the z-axis and the ignition surface corresponds to the
position z = 0. The system is initially at an ambient temperature To.
At the start the surface of the cylinder at z = 0 is maintained at the
same temperature as the ignition temperature (Tx) throughout the
reaction and the surface of the cylinder at the far end from the
ignition surface is maintained at the initial temperature throughout
the reaction. Once ignited, a self-propagating combustion wave
may proceed in the positive z-direction. With these assumptions
the energy equation for this setup is:



oT 0T 4h
C —=A—+pQr ——(T-T
pC, = ATt P OI( )

doe ;_, _., ©
—T(T -T,)

where T is the local temperature; To is the ambient temperature; z
is the axial position; t is the time; p is the bulk density; Cp is the
heat capacity; 1 is the effective thermal conductivity; Q is the heat
of the chemical reaction; rs is the rate of the chemical reaction; h
is the heat transfer coefficient; d is the diameter of the delay
column; o is the Stefan-Boltzmann constant, and ¢ is the
emissivity of the outer surface. The first term on the right is the
rate of local energy redistribution in the axial direction by heat
conduction. The second term is the rate of energy generation by
the exothermic reaction corrected for any phase changes. The
third and fourth terms are the rates of surface heat loss by
convection and radiation respectively. It is further assumed that
the following initial and boundary conditions apply [57a]:

t=0 250 T=To
t>0 2=0 T=Ts
t>0 Z o0 T=To )

This model captures the essential physics of the process and
allows meaningful analysis of ignition criteria for gasless self-
propagating reactions through an ignition temperature analysis.

The calculation and analysis using the differential equation
(8), as well as other relevant energy and mass continuity
equations, are simplified by converting them into dimensionless
form. This automatically leads to characteristic dimensionless
parameters that are included in the list of dimensionless groups
or numbers enumerated in Table 1 [574a].

4.3 Ignition

The combustion of the delay composition starts with the initial
process of ignition. Ignition can be defined as the initiation of the
self-sustained burning of the pyrotechnic material, i.e. the visible
appearance of a steady combustion. External factors influencing
ignition include the heating rate, the ambient temperature and the
size, geometry and nature of the surface of the sample.

Ignition of a bulk sample. The critical ignition temperature,
Tign, is the minimum temperature to which a pyrotechnic charge of
specified size, shape and boundary constraints must be heated in
order to induce a thermal runaway [58]. Figure 4 shows a
schematic plot of the heat generated versus heat loss as a
function of temperature. Heat is generated by the chemical
reaction occurring inside the sample. In the first instance, this can
raise the temperature of the sample itself up to a maximum value
corresponding to the adiabatic reaction temperature. The
generation of heat by the reaction initially increases exponentially
with temperature. This accords with the Arrhenius temperature
dependence of the reaction rate constant. However, part of this
heat is also lost to the environment from the surface due to heat
transfer by conduction, convection and by radiation. The rate of
conductive and convective heat loss is roughly proportional to the
difference in temperature between the flame and the
surroundings. Radiative heat loss is proportional to the difference
in absolute temperature to the fourth power.

The ignition temperature is the critical temperature (Tign) at
which any specific size and shape of explosive can self-heat to a
thermal run-away condition [59]. The essence of the physics of
ignition phenomenon is best understood through analysis of the
least sophisticated model, described in the previous paragraph,
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in conjunction with a Semenov diagram [60]. The model
assumptions are that the heat-generating reaction follows zero
order kinetics with an Arrhenius temperature dependence and
that surface heat loss occurs by convection. The temperature
inside the sample is assumed uniform and physical properties are
temperature independent. Under these conditions the heat
balance over the sample is described by the differential equation:

oC, Z_IZPQK° exp(—E/RT)=h(AN)(T-T,) (10)

where T and T, are the reactant and ambient temperatures
respectively; t is the time; p and Cp are the density and heat
capacity of the sample; Q is the reaction heat; ko and E denote the
Arrhenius pre-exponential and activation energy; R is the gas
constant; S is the heat transfer surface and V the volume of the
sample.

Table 1. Dimensionless groups relevant to combustion processes in delay
elements [13, 57a, 61]

Dimensionless number Interpretation

ratio of
thermal

Arrhenius number: A
activation energy to
energy

y - E/RT,

Nusselt number: Ratio of
convective to conductive heat
transfer across (normal to) the
surface boundary

hd/ 2

S
Il

Ratio of radiative to conductive
heat transfer across (normal to)
the surface boundary

§=oeT'd/2

Rate of local heat generation to
conductive heat transfer

~
I

pk.Qd’ /AT,

Rate of reaction rate of local heat
generation to conductive heat
transfer

£=kpCd [2=kd /a

, Zel'dovich number: A measure of
0 = E(T' =T )/ RT, the  activaton  energy in
combustion processes

| Damkohler number (or Semenov

NI,
Se - PVER, e*E/RTu number [60]): Ratio of the heat
h/—\RTZ generation rate by the reaction to
0 the rate of convective heat transfer
A2, Frank-Kamenetsky number [60]:
Fk PNEU R, efE/RTD Ratio of the heat generation rate
AART 2 by the reaction rate to the rate of

conductive heat transfer

The left-hand side of equation (10) gives the rate of heat
build-up in the sample. The first term on the right is the rate of
heat generation and the second term represents convective heat
loss to the environment. The dependences of the heat-generation
and the heat-loss terms are compared on the Semenov diagram



in Figure 4. The former shows an exponential-like increase with
temperature whereas the heat loss term only varies linearly with
temperature. Consequently there are two possibilities with
respect to the location of the heat loss curve relative that for the
heat-generation. If the two curves intersect at a low temperature,
a stability analysis shows that the temperature will be maintained

at the temperature corresponding to the lower point of intersection.

However, if the curves do not intersect, then the sample will
rapidly self-heat to a very high temperature and a thermal run-
away will occur. The critical condition for ignition is found when
the heat-loss curve is a tangent to the heat-generation one. At the
tangency temperature Tx, the slopes of the curves (with respect
to the temperature) are equal in addition to their values, and these
conditions yield:

Pk, exp(—E/RT.)=h(ANV)(T.-T,) (a1
nd

2 2
T. -T,=RT’/E ~RT//E (12)
where the approximation is justified by the fact that it gives a
conservative estimate and the realization that in practical
situations S = RT«E << 1. Substitution and simplifying finally
results in the condition for the critical temperature of ignition. It is
conveniently stated in terms of the Semenov number defined as

pVQE
——=exp(—E/RT 13
hART? P(-E/RT,) )

The condition for ignition is given by the requirement that Se > Secit
where, for the simplistic model described here Secit = 1/e (where e
is the natural number).

This condition is general except that the expression for the
critical Semenov number needs revision for more realistic
conditions [60]. For example, it is not realistic to assume that there
are no temperature gradients inside the sample nor is a zero order
rate equation realistic. This means that the effects of conversion
through the reaction kinetics must be accounted for. This has
been done and finds expression in the Frank-Kamenetsky
number that is used to define the critical condition

Ed’k
k = 'OQ—Z"exp(— E/RT,) (14)
4ART,

Where d is a characteristic dimension of the sample (thickness of
an infinite slab, or diameter of a sphere or an infinite cylinder). If
the reaction follows n'" order kinetics, then

Fk.., = a,, (1+8) f(7) (15)

where g = RTi/E; acit equals 0.88, 2.00 or 3.32 for a slab, cylinder
or sphere respectively; f(3) is a correction factor that depends on

= C,RT’ /QE , with

f(7)

Induction time for a bulk sample. The heat generation
rate with temperature increasing does not grow indefinitely but
tends to the limit pQko. Consider the situation where the heat loss
term is negligible compared to the heat generation term. This
corresponds to a further shift of the heat loss line to the right so
that there is no intersection with the heat-generation curve.
Disregarding the second term on the right of equation (1) yields
the differential heat balance describing the adiabatic heating of
the sample

pC, ZT = pQk, exp(—E/RT) (17)

2/3

= 1+2.703(ny) (16)
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Employing the initial conditions: t = 0: T = T; and conducting an
approximate analysis yields the following expression for the
adiabatic time, taken as the induction period [60]:

=(1+ 25) 2

C,RT,
exp(E/RT,) (18)
E
Where, as before, /3 = RTI/E. If the reaction follows n™ order
reaction kinetics, the ignition time is given by
_]/3
ty = () "ty (19)

More precise analyses for more realistic situations have been
done and were reviewed elsewhere [60, 62]

Rate of heat lost or heat generated

Tamo To Tx
Temperature —

= Tign

Figure 4. Semenov diagram of heat generation by the reaction (solid line) and
heat lost to the environment (broken lines) versus sample temperature. Two
different heat loss scenarios are indicated.

Ignition in a delay column. Elementary models for ignition
in a delay column consider a semi-infinite reactant in one
dimension [63]. This is equivalent to assuming that the tube wall
in Figure 3 provides perfect insulation, thus allowing the reaction
inside the composition to proceed adiabatically. Ignition is
considered to arise on the flat outer surface. Bulk physical
properties (thermal conductivity, density, thermal capacity, heat of
reaction) as well as the activation energy and pre-exponential
factor defining the chemical reaction are assumed constant, i.e.
independent of conversion and temperature. Two heating
conditions are considered throughout the process, i.e. either a
constant incident heat flux or a constant surface temperature are
applied suddenly, and the time to ignition is estimated.

The simplest model for ignition assumes that the ignition
temperature, Tign, is a constant for a given composition [58]. It is
taken as that temperature to which composition must be heated
for it to ignite and combust without further energy input from
external source. The most rudimentary model ignores reagent
conversion [58]. This simplifies the governing differential equation
to transient heat conduction into a semi-infinite slab subjected to
a constant heat flux entering at the ignition end of the column. The
ignition time is estimated by calculating the time necessary for the
outer surface to reach Tig. This approach yielded the following



expressions for the ignition time for a sample subjected to a
constant incident heat flux [58]:

ApC, ,
tign = e (Tign _Ta)q (20)
The required energy input to achieve ignition is
ApC K? 2
Qign = ° (Tign _Ta) (21)
7eq

This analysis can be extended to include the effect of the
heat contributed by the chemical reaction [63]. It is assumed that
the ignition onset occurs at a low degree of substance conversion,
with the kinetics described by a zeroth-order reaction. For this
situation the governing equation for the elementary model is:

oT o°'T Q E

—=a— +—k exp| —— (22)

ot OX pC, RT

The two different types of boundary conditions can be

considered:

(a) A constant heat flow through the surface outer surface that
causes the surface temperature to increase: o = —A(T/0X)|s =
constant. Analysis leads to the following result for the ignition
time:

12RT? o
(0]
E (Tb _Ti )
(b) Application of a constant surface temperature in which case
the heat flow at the surface drops with time: Ts = To = constant.
Analysis lead to the following approximate expression
(t.-1)  [E
o= eXpl —— (24)
k RT,

o

ty, = 046 4pC (T, -T,)" |1+

In reality the initiation of the pyrotechnic reaction can be
accomplished by a variety of methods. This includes ignition by a
combustion wave from a chemical reaction (or igniter) [64]. The
ignition of the starter composition in the time delay train is initiated
by a spit from the shock tube. This situation is probably more
correctly described by a heat impulse condition which has been
dealt with elsewhere [63]. A physical interpretation of the
requirement necessary for achieving ignition for this situation is
as follows. With an impulse supplying the energy, ignition can
occur only in the case when, at the moment of cessation of the
external heating, the heat removal from a reaction zone is less
than a critical one defined by

Oorc = \/Z/TQKo (RT?/E)exp(-E/RT,) (5

In other words, for the substance to be ignited, it is necessary to
create at the outer surface a heated layer of sufficient depth.
Ignition will not occur if the heating-up ceases before this layer
has been formed.

Zhang and Stangle [57a] employed the model of Section 4.2
to investigate ignition in a delay element. They introduced
dimensionless groups associated with the rate of local heat
generation (f), activation energy (), the rate of surface heat loss
by convection (w), the rate of surface heat loss by radiation (9),
and the rate of reaction (1).The reaction kinetics were assume
second order in conversion. The differential equation (8), in its
dimensionless form, was solved numerically subject to the
boundary conditions stated in equation (9). A parametric analysis
was then performed to determine the ignition criteria for gasless
self-propagating reactions through an ignition temperature
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analysis. The relative significance of each of these parameters on
the ignition of the self-propagating combustion reaction was
evaluated to be y > 8 > 6> w. The key result of this study was
that only compositions with AHr/Cp, > 1500 K are capable of self-
propagating combustion reaction without external energy input.
This value can be used as an approximate guide for the existence
of self-sustaining combustion.

Scrutiny of the ignition expressions leads to the following
conclusions. Overall, ignition is promoted by low thermal
conductance, low heat capacity, small particle sizes, and high
heat of reaction [65]. Excessive heat loss to the environment is
the main reason for failure to propagate through the entire length
of the column. This is more likely to occur in small diameter metal
tubes and at low ambient temperatures.

Ignitability is also affected by stoichiometry as the data for
both ignition temperatures and time to ignition measurements
(measured at 800°C) for the silicon/bismuth oxide showed [66].
Furthermore, the stability of the reactant oxides has important
effects on the ignitability of the pyrotechnic mixtures [64]. Some
oxides (e.g. TiOz, NiO and Nb;Os), are so stable and inert that an
external source of oxygen, e.g. air, is required for ignition. The
appearance of a liquid oxide phase (e.g. B.Os which melts at
450°C) or the volatilization of the reactant oxides (e.g. MoO3; or
WO; which sublime) may increase the rate of the oxidation-
reduction reaction and thus facilitate ignition. The ignition event
can also result from the oxygen liberated by the decomposition of
the oxidant (e.g. V203, CrOs, and BaO,).

4.4. Burning rate in delay tubes

Spice and Staveley [67] were among the first to measure the
linear rate of the self-propagating reaction in binary solid mixtures
of an oxidizing and a reducing agent. The powders were
compressed in the form of cylindrical rods. It was observed that,
when ignited at one end, the rate of progression of the reaction
zone along the axis is fairly uniform and reproducible for a given
mixture. This type of behavior, generally referred to as ‘layer- to-
layer’ burning, is observed only when the reaction is strongly
exothermic, i.e. when a considerable amount of heat is evolved in
the chemical change [68]. Booth [68] developed one of the first
general theories for the variation of the rate of progression of the
reaction zone in terms of the physical properties of the powder,
its chemical composition and the kinetics of the slow reaction
between the constituents.

The burning process in actual pyrotechnic time delays is
actually analogous to the self-propagating high temperature
synthesis (SHS) method for ceramics [31]. In fact, SHS research
has driven mathematical progress with respect to understanding
the combustion process in pressed powder columns and how the
burn rate is affected by the numerous variables [31]. Of these the
state of subdivision of the powders and the exothermicity of the
reaction [68], in addition to the natures of the fuel and oxidant and
the mixture stoichiometry [67], appear to be the most important.
However, slow-reacting compositions have to be highly
exothermic in order to be sustainable [69]. Adjusting the reagent
stoichiometry, or adding inert substances, affects the
exothermicity, i.e. the reaction temperature, and hence the rate.
The thermal diffusivity of the mixture is also important as wave
propagation depends on repeated re-ignition of adjacent layers
along the burning path. Good mixing and adequate inter-particle
contact between reactants is required for stable and reproducible
burning owing to the low values of the diffusion coefficients [40].

Numerous theoretical models for the self-propagating layer-
to-layer reactions in the solid phase have been developed [68-
70]. They link the rate of progression of the reaction zone, along



a cylindrical column, with the chemical nature and physical
properties, as well as the state of subdivision of the powders
and the apparent reaction kinetics between the constituents [68].
It is implicitly assumed that the composition is well mixed. Two
limiting kinetic cases can be discerned. Purely homogeneous
chemical kinetics controlled or heterogeneous mass transport (i.e.
diffusion) limited [70a]. Both types of processes may be analyzed
in the realistic limit of large activation energies for either diffusion
or reaction kinetics. The simplest chemical kinetic theory [69]
assumes composition- and temperature-independent physical
properties, absence of phase transitions, a thin reaction zone and
postulates a gasless exothermic n' order solid-state reaction and
an Arrhenius-type temperature dependence for the rate constant.
This yields the following expression for the linear burning rate
adiabatic reaction conditions:

U2 = —g(n)RTCZ (ak
Ea(Tc _To) ’

where u is the combustion wave velocity in m s™; g(n) is a
dimensionless function of the reaction order n that assumes
values between 0.5 and 2; R is the gas constant (8.314 J
mol*K™1); T, is the initial temperature and Tc is the maximum
temperature of the burning column in K; ko is the Arrhenius pre-
exponential factor of the reaction rate constant in s™%; Ea is the
apparent Arrhenius activation energy in J mol™; and « is the
effective thermal diffusivity in m2s1.

Alternatively, when the condensed phase reactions are
mass and energy transport limited, the reaction rate is determined
by the thermal and mass diffusivities together with the reagent
particle sizes [71]. The latter determine the thickness of the
diffusion barrier. Analysis of the diffusion controlled situation
requires information on the geometric arrangement of the reacting
particles including particle sizes. Quantitative correlations
between the reaction rate and the number of contact points
between particles are potentially useful for reaction-rate analysis
of a wide range of powder systems in which particle sizes and the
mixing ratio are varied independently [72].

Once again, only the simplest theoretical model is
considered presently as it suffices to rationalize the available
experimental observations. The reactant geometry is
approximated by a structure of alternating layers of the
components with the relative thicknesses determined by the
reagent stoichiometry and their densities [70e, 71]. This yields the
following expression for the velocity of propagation [70e].

2
. BRT, (a D, jeED/RTc
2

E,(T.-T)\ d
where D, [m?s71] and Ep [J mol?] are the effective pre-exponential
and apparent activation energy for the diffusion coefficient and d
is a measure of the particle size distribution of the reactants
expressed in m. The interpretation of the other variables is similar
to those in equation (26).

The two equations indicated above hold in the asymptotic
limit where the ratio of typical spatial temperature differences to
the Frank-Kamenetsky temperature is a very large parameter, i.e.
it holds for large Zel'dovich numbers,

0 = E(T,-T,)/RT? >>1 (28)

Equation (27) predicts that the burning rate should vary linearly
with the inverse of particle size. Numerous studies on the effect
of the fuel particle size, especially on compositions containing Si
as fuel, confirmed that the burning rate increases with decreasing
particle size and increasing surface area [20, 73]. Wider particle

)e—Ea/RTC (26)
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size distributions lead to increased packing density which in turn
also translates into faster burning rates [74].

Equations (26) and (27) both suggest that a slow burning
rate requires a composition characterized by a reaction with a
very large activation energy and a relatively low exothermicity.
They also identify the combustion wave temperature, T, as a
significant variable affecting burning rate. Adjusting stoichiometry
and the addition of inert substances can control it. The
temperature of the wave front is also affected by transverse heat
losses and hence by the nature of material used for tube
construction.

Equations (26) and (27) were derived under the assumption
that no phase transition occurs. However, the effect of the latter
on the steady reaction wave propagation rate only expresses itself
in terms of a reduction in the combustion temperature T.. Thus it
may easily be taken care of by considering an effective heat
capacity for the mixture [75].

More sophisticated theoretical models, that deal with the
ignition and combustion of beds of compacted reactive particles
[13, 614, 70d, 76] or with layered media (e.g. multilayer foils) [77],
are available. Aspects such as variable physical properties (e.g.
thermal conductivity, density, and heat capacity), the inclusion of
non-reacting diluents and differences in the thermophysical and
chemical properties of the reactants compared to the products
[61a], interparticle diffusion effects [78] are among the issues
addressed in these works.

The contact points (or alternatively the contact surface area)
between the reacting particles is an important issue, especially so
when the mechanism involves solid-solid reactions. Similarly, the
contact area between reactants has a strong influence on
reactions in powder mixtures even when one species may melt
[79]. It has been found that the reactivity of the system can be
expressed in terms of the number of contact points between the
two components, together with the particle size ratio, in addition
to the nature of the reacting system [80]. Brown et al. [81] tested
this hypothesis for various pyrotechnic mixtures. However, they
had to assume uniform spherical particles in their calculations.
Despite this severe approximation, they found a qualitative
connection between the calculated numbers of contact points and
the measured burning rates. Since then much progress has been
made with respect to calculating the contact area between
reactants, even for ternary systems where the third “component”
can represent pores [79]. The approach was to mesh the surface
of the particles with small ‘tiles’, and to solve a combinatorial
problem formulated to map all the tiles onto each other.

Following a different approach, Dalvi and Suresh [82]
developed an improved contact-point model that showed the right
asymptotic behavior for large numbers of contact points, i.e. the
expression converges to continuum behavior. The validity of this
model, with respect to the formation of tricalcium aluminate from
its immediate precursors as a candidate reaction, was
experimentally confirmed [83]. It would be interesting to see these
types of models being applied to pyrotechnic systems.

The intrinsic granularity of compositions comprising
compacted powders is also specifically addressed in the so-called
“hot spot” models [84]. The ‘hot spots’ are taken to correspond to
the locations of burning particles. Therefore, in these models the
combustion wave propagation manifests itself as a process of
sequential ignition and burning of particles. This means that the
size of the particle and their distribution influences the burning
rate. Hence, the "steady" combustion wave speed is related to
particle ignition temperature, particle geometry and the ratio of
heat diffusion to reaction times.



5. Factors affecting the burning rate

Ultimately the intrinsic burning rate of a delay composition is
determined by the chemical nature of the ingredients, their relative
proportions and the thermo-physical properties of the system.
However, apart from those intrinsic to the compositions
themselves, a wide range of other factors can influence the
burning rate. This includes aspects related to the device into
which they are filled and combustion environment itself [11].
However, variation of the chemical constituents of a binary
mixture generally has the greatest effect on burning rate, followed
often by variation of the composition in a given combination [29].

5.1 Thermochemistry: The heat of reaction and stoichiometry

Spice and Staveley [67] measured the linear rate of the self-
propagating reaction, and of the heat of this reaction, in
compressed binary solid mixtures of an oxidizing and a reducing
agent. The thermochemical results allowed conclusions to be
drawn about the chemistry of the reactions involved and the
maximum temperatures reached during burning. They were first
to discuss the dependence of the rate of reaction on the heat it
evolves and to give an explanation for the fact that the rate usually
reaches its maximum at a higher amount of reducing agent than
that at which the heat of burning has its greatest value [67].

In practice it is found that Tc > 2 To. Noting that Tc = To + Q/Cp
in the absence of phase changes, external heat losses, and under
the assumption of constant physical properties. Taking
cognizance of these relationships, differentiation of equation (26)
gives

du_u

dQ 2

T-2T,  E
T,(T,-T,) RT;

(29)

Equation (29) indicates that a fuel that produces more heat on
oxidation, e.g. boron (AHr = 58.96 MJ kg?), should react faster
than a less exothermic fuel such as silicon (AHr=32.40 MJ kg?).

Stoichiometry can also influence the product spectrum as
shown in Table 2 for the reaction of silicon with PbO, [37]. Such
changes also influence the heat released. This is illustrated in
Table 3 for the oxidation of manganese metal.

Heat is also removed from the system when a component
undergoes a phase change at higher temperature during the
combustion process. This has the effect of slowing down the
progression of the burning front. Heat loss through the tube walls
has a similar effect but is discussed in more detail in Section 9.4.

The effect that the fuel to oxidant ratio has on the
pyrotechnic reaction in binary mixtures has been well-studied on
an extensive range of delay compositions [20, 26, 39, 73a, 73c,
81, 85]. The results, in most cases, show an increase in burn rate
from fuel-lean compositions until close to the stoichiometric
amount of fuel. A maximum burn rate is often observed just above
the stoichiometric amount of fuel. The burn rate once again
decreases as the composition becomes more fuel-rich.
Compositions containing pure metal fuels tend to show larger
deviations from this concept due to the high thermal conductivity
of the metals leading to more efficient energy transfer.

5.2 Particle size, particle size distribution and particle shape

The average particle size and particle size distribution of both the
fuel and the oxidant has been shown to significantly influence the
burn rate of pyrotechnic delay compositions. The particle-size of
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the fuel is another extremely important factor affecting burning
rates [29]. The burning rate varies inversely with iron particle size
in the system Fe/BaO, system irrespective of the stoichiometry of
the mixture (i.e., Fe 25 or 36 wt-%) [67]. This accords with the
predictions of equation (27). The effect of particle size on Si has
also been extensively researched [20, 73]. In all cases the effect
of the particle size was most significant in large (micron-sized)
particles where particle size decreases of only a few microns lead
to burn rate increases of over 200%. As expected, the burning
rate increased as the particle size decreases and the surface area
available for reaction increases. A significant increase in the
burning rate is found when the particle size change from being in
the micron-size range to nano-sized particles. For further
reduction in particle size in the nano-sized range there is not a
corresponding increase in burn rate. This is likely due to the
increase in the relative content of the passivating oxide layers
present on the surface of the nano-fuel particles that inhibits the
reaction. The effect of this oxidation layer is however not fully
understood as different studies have led to contradictory
conclusions [46, 85-86]. One conclusive result is however, that
the nano-sized particles ignite much easier and burn faster than
large particles [46]. The effects of using nano-sized particles
(<100 nm) and applying them to pyrotechnic delay elements is
currently an active area of research [46, 87].

Table 2. Proposed reactions for the Si/PbO. system

Si (wt-%) Reactions Products [37] —AHR (MJ kg™)
2.85 Si + 4PbO2 Pb4SiOs + O2 0.71
3.77 Si + 3PbO2 SiOz2+ 3PbO + %2 Oz 1.00
5.55 Si + 2PbO2 Pb2SiO4 1.64
7.26 2Si + 3 PbO2 2PbSiOs + Pb 1.89
10.5 Si + PbO2 SiO2 + Pb 2.38
15.0 3Si + 2Pb02 SiO2 + 2SiO + 2Pb 1.00
19.0 2Si + PbO2 SiO2+ Pb + Si 2.15
26.1 3Si + PbO2 Pb + Si + 2SiO -.23

Table 3. Effect of reagent stoichiometry on the heat of oxidation of manganese
[11]

Stoichiometry —AHR (MJ kg ™)

Mngs) + 0.5 Oz = MnOs) 5.43
Mn(s) + Oz(g) —> MOz 5.98
2 Mns) + 1.5 Ozig) —> Mn203(s) 6.07

Unlike the case for micron-sized aluminum powders,
thermite compositions based on nano-sized Al particles show a
decreased flame speed with increase in compaction [88]. This
unexpected behavior has been attributed to a melt-dispersion
oxidation mechanism and a convective mode of flame
propagation [89]. It appears that the volume change due to the
melting of Al induces huge pressures that cause catastrophic
spallation of the oxide shell covering the particles. The



subsequent unloading wave creates high tensile pressures that
cause rapid dispersion of liquid aluminum clusters. Consequently
the oxidation reaction is not limited by diffusion and very fast
burning rates are achievable with nanothermites.

Very little has been established on the effect of particle
packing on the burning rate of pyrotechnic delay elements.
Dugam et al. [74] investigated the effect of particle size
distributions and found higher packing densities for wider
distributions of oxidant particle sizes and lower packing densities
when the fuel and oxidant particles have similar sizes.
Montgomery et al. [90] investigated the effect of particle packing
through variations in fuel to oxidant particle size ratios. The
particle packing was found to be unaffected by the volumetric ratio
of the fuel to oxidant particles. The effect of particle porosity was
however found to play a significant role.

For the same nominal mesh size, flakes show a greater
reactivity than spherical particles and that they can be raised more
quickly to their ignition temperature [37]. Similar behavior is found
when comparing jagged particles with smooth ones.

5.3 Effect of thermal conductivity and density on wave
propagation rate

The burning front in a compressed delay composition propagates
in a layer-by-layer fashion along the burning path. This requires
repeated re-ignition of adjacent layers. According to equation (26)
the thermal conductivity and density are the primary physical
properties that determine the rate of burning. With all other
parameters and properties fixed, it predicts that u? c A/p so that it
can be deduced that:
Increasing the thermal
burning rates, and
the more loosely the powder is packed, the more rapid
is the burning velocity [68].
The last deduction is counter-intuitive but borne out in practice!
However, it should be remembered that the model used is based
on apparent rate laws and physical constants that are interrelated.
In reality it is difficult to separate individual effects as the kinetics
are strongly dependent on particle packing and hence density.
Adding inert material changes the thermal conductivity of
the mixture. Adding low thermal conductivity fillers, e.g. kaolin,
reduces the rate of heat transfer through the mix. Conversely,
adding thermally conductive fine Cu and Ag powders to gasless
delay compositions can significantly increase the rate of burning
[37]. However, the thermal conductivity of the composition can be
too high! Hardt and Holsinger [91] studied the reaction
characteristics of several exothermic intermetallic reactions
experimentally. Boron and carbon mixtures with titanium and
zirconium were found to be self-propagating at room temperature.
However, aluminide mixtures and other types of intermetallic
reaction mixtures reacted only at elevated temperatures.
However, self-sustaining reactions were initiated when additives,
which reduced the thermal conductivity, were included in the
formulations.

. conductivity enhances the

5.4 Effect of gassing

Aldushin and Zeinenko [92] and Norgrove et al. [93] investigated
the case of a steady combustion wave in a porous reacting mass.
They considered the effect of gas formation on the combustion
wave. Depending on the confinement conditions, the produced
gas moved either forward or backward relative to the flame front
[93]. For a sealed element, the ratio of gas flow forwards to gas
flow backwards will depend on the confinement conditions and
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will change as the flame passes along the delay element. When
the gas moves ahead of, rather than through, the flame, the
reduction in the amount of mass heated leads to a relative
increase in the flame temperature. According to Aldushin and
Zeinenko [92] it may even exceed the adiabatic reaction
temperature. Consequently the mixture burns noticeably faster
[93]. When the gas moves with the combustion wave, it may assist
the propagation of the front by means of a convective mechanism
[92]. The travelling gas phase pre-heats the system, increases the
adiabatic combustion temperature and accelerates the rate of
burning.

5.5 Effect of pressure

The burning rate of most pyrotechnic compositions is expected to
increase with pressure according to Vieille’s law:

u/u, = (P/R,)" (30)
The constant n is system specific and typically varies between 0.1
and 0.6. Its value depends on the amount of gas produced during
the combustion.

In practice it is found that burning rate initially increases but
that it stabilizes or even decreases above a certain threshold limit.
Consider, for example, the slow burning B/Si/K,Cr,0O7 (4:5:91)
gasless delay formulation used in accurate missile delay
detonators. Its burning rate increases sharply with pressure
between 0.1 and 0.4 MPa. Thereafter, the burning rate increase
is slower. Above about 2 MPa the burning rate is unaffected by
pressure [41]. Other examples include the Si/PbO, Si/Pb3;O4 and
Si/IKMnO,4 systems. In all of these the velocity of propagation
increased with pressure until a maximum value, depending on the
composition, was reached [37]. With the silicon/red lead
compositions the burn rate decreases beyond pressures of
approximately 6.90 MPa. This effect was attributed to pressure
stabilization of the PbO phase in the reaction mixture [37].

5.6 Environmental factors

The temperature of the delay column, both prior to and during
combustion, also influences the burning rate. For military and
aerospace applications, delay elements must provide an accurate
time interval, which is specified to within certain limits over a set
environmental temperature range, often between —40 and +60°C
[11]. Depending on the formulation, most gasless delay
compositions burn about 25% slower/faster at the lower/higher
temperature than they would at room temperature. Gassy delay
compositions are less affected by temperature variations [11].
Boddington and Laye [94] conducted burning rate measurements
on three gasless pyrotechnic mixtures over an extended
range of ambient temperatures.

6. Formulating delay compositions

6.1. Pyrotechnic delay compositions

The delay composition should be non-hygroscopic, stable on
storage and have good flow properties for the filling of elements
[14]. Preferred delay compositions will burn in an essentially
gasless fashion (volume of gas evolved less than 10 cm3g of
mixture [95] and at a constant predetermined rate. The reaction
must be exothermic, self-sustained and self-contained [15].
Mclain [37] has enumerated the factors that should be considered
when designing a new pyrotechnic time delay compositions.



Preferably the formulation should be non-hygroscopic; stable
during handling and compaction; not affected by temperature; be
readily ignitable and react without releasing gases to minimize the
effects of pressure on the burn rate. A relatively low melting point
or a polymorphic transition at a relatively low temperature tends
to be beneficial [37].

Table 4. Adiabatic combustion temperature (Tad); melting (Tm) and boiling points
(To) for metal or metalloid fuels and their stable oxides at 298.15K and 0.1 MPa
[96] [97]. Carbon is included for comparison purposes.

Fuel Tm Tb Oxide Tm Tb Tad Ref.lc]
B 2349 4200 B20s 723 21301 3300 1
C CO2 2670 1
Mg 923 1336 MgO 3105 3873 3432 2
Al 933 2791 Al2O3 2328 3253 4005 2
Si 1867 3538 SiO2 1986 3220 3240 1
Ti 1939 3631 Ti203 2115 3300 3993 2
Fe 1809 3133 FeO 1650 36780 3400 2
zr 2125 4703 ZrO> 2950 4548 4278 2
Mo 2896 4912 MoO3 1068 1428 2660 1
W 3695 6203 WO3 1746 1995 3100 1
Pb 874 2295 PbO 1161 1750 1830 1

[[Sublimates at 1773 K; PlDecomposition temperature (Td);
[CReferences: 1=[97]; 2= [96].

6.2 Selecting the fuel

Table 4 lists some of the fuels used in delay compositions. Silicon
is probably the most commonly used fuel. Silicides such as
ferrosilicide (FeSix) and calcium silicide (CaSi;) [98] can also be
used. The oxidation of transition-metal silicides occurs at a faster
rate than the oxidation of pure silicon and refractory-metal
silicides, possibly owing to higher electron mobility [99]. Metal
fuels include Al, Al/Mg, Cr, Fe, Mg, Zr, W and Zn. Table 4 lists
phase transition temperatures and adiabatic flame temperatures
for the combustion of selected fuels. Organic fuels (e.g. sorbitol,
hexamethylenetetramine, potassium benzoate, etc.) and some
inorganic fuels (C, S, P) generally produce much gas during
combustion. This causes pressure build-up that affects the
reaction rate and thus the delay time. As a result, the main charge
may be ignited prematurely [9].

Usually it is found that the maximum burning rate occurs at
a somewhat higher reductant content than does the maximum
heat of reaction. This displacement is generally greater for metal
reductants such as Fe, Sb and Mn and is smaller for non-metal
reductants such as S and C or the metalloids B and Si [37]. This
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phenomenon is associated with the effect of heat transfer on
columnar burning.

The slope of the burning rate curve is usually steeper below
the maximum than above (reductant above stoichiometry). This is
ascribed to the fact that the addition of a good heat conductor,
while it causes departure from the stoichiometry, may increase
the thermal conductivity sufficiently to cause a net increase in the
burning rate. In effect, an excess of either oxidant or fuel
represents an inert diluent. Excess oxidizer acts like a heat
insulator and this retards the burning. In contrast, the excess of a
conductive metal reductant accelerates the burning rate [37].

6.3 Selection of the oxidizer

The following heavy metal oxides are suitable for use in delay
compositions: Fe,03, Sb,03, Cu,0, Bi>O3, Pb3O4, PbO,, ZnO, and
MnO,. Complex oxides, e.g. Cu,0.Sh,Oz;, ZnO.Sbh,O3; or
BaO.MoOs are also used [98]. Nitrate, chromate, chlorate and
perchlorate salts are mainly used for other pyrotechnic effects
(light emissions, signaling smokes, whistling sounds, etc.) [9].
Conkling [15] discusses factors affecting oxidizer selection. The
most important factor is the relative affinity towards oxygen
between the metals of the oxidizer and the fuel.

6.4. Binders for pyrotechnic compositions

It is common practice to add binders to pyrotechnic compositions
in order to obtain granules, which are easier to process. Binders
can be organic or inorganic in nature. Organic binders include
synthetic polymers, biopolymers (dextrin and starch) and natural
resins e.g. gum Arabic and gum acaroid. Inorganic binders
include gypsum, water glass and bentonite. The type and amount
of the binder used, tends to affect reaction parameters such as
burn rate and energy output [33]. Polymeric binders play multiple
roles in pyrotechnic compositions and, in general they contribute
towards better mechanical strength and provide moisture-
absorption resistance. This latter leads to improved shelf life.
Binders are also used to maintain the homogeneity of the blended
mixture. They also play a minor role as internal lubricants during
the compacting phase [98].

Binders also contribute significantly to the performance of
composition by lowering the activation energy (ignition
temperature) and increasing the combustion temperature and
burning rate [100]. Boiled linseed oil (~2%) was added to a 15
wt-% Sb (<53um)/KMnO,4 composition, which does not normally
burn. The composition with the binder did burn. Addition of 2 to
3% of acaroid resin to a mixture of Mg/BaO. lowered the ignition
temperature by more than 200°C [101].

Generally, the silicon and red lead system is slurried in an
aqueous solution of a polymer, e.g. carboxymethyl cellulose,
which aids dispersion and acts as a binder. The slurry is stirred
thoroughly to ensure even distribution of the two species, and the
water is evaporated by placing the slurried composition on a
steam-heated copper tray. The binder prevents segregation of Si
and Pbs;O4 [73a]. It was also observed that the addition of the
binder makes the composition more sensitive to impact and
friction.

Han and Yan [102] studied the effects of binders (shellac
and fluoro-elastomer) on storage stability of a silicon delay
composition. Both improved temperature and humidity stability
under storage conditions. However, the binders behaved like
"heat sinks" reducing the burning rate and delay precision of the
composition.

Spontaneous  ignition  ensues  when  potassium
permanganate comes into contact with organic substances such



as glycerol, ethylene glycol, acetaldehyde, etc. [103]. It is
therefore not advisable to use organic binders when this oxidizer
forms part of the pyrotechnic composition.

6.5. Additives

The burning rates of a binary system can be modified by
conversion to a ternary system through incorporation of additives
[26, 100, 104]. These additives can either be inert or chemically
active. They can function as processing aids, fluxing agents, heat
sinks, thermal insulators, sensitizers or catalysts within the main
pyrotechnic composition. The presence of additives influences
any of the activation energy, heat of reaction or efficiency of
energy feedback in a given composition [105].

Additives are mixed to the main composition to effect the
following: ensure intimate contact between the particles; protect
against the environment; prevent premature reaction or to
improve mechanical properties. Addition of a third component can
alter the burning rate of a binary system. Such additives may be
chemically inert substances; an additional fuel; an additional
oxidant, or a source of some reactive intermediate. Additives
include:

Formulation aids such as anti-caking agents (pyrogenic
SiOy, Al,O3, CaCOj3, MgCOg) and lubricants (graphite, talc, wax,
Teflon, silicone). For example, the addition of 1-5% of waxy
lubricants (stearic acid or calcium stearate) was found to have a
profound effect on the burning rate of the W/Sb,03/KIO, delay
composition [104b].

Catalysts, e.g. Fe;Os, CuO.CrO,, V,0s and MnO,, are
sometimes used in pyrotechnic compositions. These act by
lowering the decomposition temperature of the oxidizer which in
turn lowers the ignition temperature of the composition [17].
Sensitizers are sometimes added to compositions with a high
ignition temperature. They act by reacting before the main
reaction to provide the heat required to initiate the main reaction
[106].

Burning rate modifiers. Since burning propagates by re-
ignition from layer-to-layer along the burn path, the thermal
diffusivity of the mixture plays a significant role in the burn rate
[107]. The addition of inert materials may alter the thermal
properties of the system, leading to a reduction in the rate of heat
transfer through the mix, thus slowing the reaction. J. H. Mclain
[37] noted that the addition of inert materials with low thermal
conductivities, such as kaolin, reduce the burn rate, while
thermally conductive fine Cu and Ag powders increase it. Addition
of hollow spheres and fumed silica to a number of formulations
significantly decreased the burn rates [26, 73c].

Inert material, e.g. kieselguhr, diatomaceous earth, fumed
silica, may also act by reducing the contact between fuel and

oxidant [100]. This alters the thermal properties of the system (e.g.

additives of high heat capacity may lower the combustion
temperature). Inert additives with a low melting point may act as
fluxes. The effect of inert additives such as Al,O3 or SiO; on the
systems studied has generally been the expected decrease in the
burning rate [29], probably through physical blocking of reactant
contact, combined with heat capacity effects. The presence in, or
addition of small amounts of water to the systems had a similar
effect. Increasing the proportion of additive (or water) eventually
causes failure of burning. Table 5 illustrates the use of the inert
additive SiO; for reducing the burning rate in the Sb/KMnO,4
system.

Fluxes. Fluxes are materials that reduce the effective
melting temperature of a mixture. They introduce an amount of
liquid phase that accelerates the solid-solid reactions. Fluxing
agents are metals or metal compounds that melt at temperatures
that are lower than the burning temperature of the base
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composition. The molten phase increases the contact points,
resulting in faster burn rates and fewer failures upon ignition [17,
100].

Table 5. Effect of SiO2 on the burning rate of a 30:70 Sh:KMnO4 composition
[42].

SiO2 content (wt-%) 19

Burning rate (mm s) 1.9 1.3

Addition of aluminum particles. Addition of thermally
conductive material (e.g. fine Cu and Al powders) may increase
the burn rate of gasless delay mixtures [37]. Instead, addition of
aluminum powder to Si+Sb,O3; and Si+CuSh,0, decreased the
burn rate [73c]. The burn rate of pyrotechnics is sensitive to the
reaction temperature. This effect could therefore be due to a
dilution effect and also to the latent heat of fusion being absorbed.
Aluminum melts at 660°C, i.e. well below the expected adiabatic
reaction temperature.

Addition of fumed silica. Fumed silica is a flow-conditioner
additive, especially the hydrophobic version [108]. It helps to
overcome particle agglomeration, allowing powders to become
free flowing. This facilitates mixing, prevents powder separation
during storage of pyrotechnic devices and aids powder filling [108].
Equation (26) predicts that decreasing the heat of reaction, e.g.
by adding inert thermal insulator particles, might reduce the
burning rate. In accordance with this expectation, addition of 1%
fumed silica reduced significantly the burn speed of compositions
with silicon as fuel with PbCrO4, Sh,03 or CuSh,04 as oxidants.
At this addition level the oxidants became free flowing powders
but the silicon remained “sticky”.

Carbon nanotubes. It was found that adding carbon
nanotubes improves the reliability of ignition but also increases
the burning rate of Si/PbsO, [109]. The nanotubes were
incorporated during the milling of the silicon into a fine powder.

Nanodiamonds. Detonation nanodiamonds proved useful
as coatings on submicron-sized bismuth oxide particles [110].
They feature antifriction properties and showed impressive
desensitization of the Bi,Os/Al system at very low levels, making
it safe to handle. In addition, the presence of the nanodiamonds
at ca. 1 wt-% also halved the propagation velocity of the flame
front.

6.6 Empirical rules for the design of new mixtures

McLain [37] recommended that the following rules of thumb be
observed when designing a new pyrotechnic mixture:

¢ Maximize the burning rate for a given mix by using
slightly more than the stoichiometric proportion of the
reducing agent.

e Decrease the heat of reaction to reduce the burning
rate: use a fuel that produces less heat or reacts in
several different ways depending on its proportion in the
mix (e.g. Mn), or add an inert thermal insulator such as
powdered glass, kieselguhr, fuller's earth or fumed silica.

e  Use tubes with an inside diameter of 6 mm or larger for
mixtures which burn slower than 25 mm s2.

¢ Do not use tubes made from good heat conductors like
brass or copper.

e A mixture with the highest possible propagation index
should be used to achieve the desired burn rate. The
propagation index (Pl = AH/T¢) provides an indicator for



the ability of a gasless delay composition to sustain
combustion.

The following factors should be kept in mind. The particle
size and size distribution of the constituent powders; the size and
chemical nature of guest particles; adsorbed gases on the particle
surfaces; the loading method and pressure; the mix homogeneity;
temperature and type of ignition; the mix type (low gas or gassy)
and the humidity during mixing and loading.

7. Selected thermite delay compositions

Table 6 shows selected the minimum and maximum burning rates
measured for selected delay systems together with the tube
materials that were employed.

7.1 Silicon as fuel

Koch and Clement [111] reviewed the use of silicon as a fuel in
common pyrotechnic and explosive compositions. Silicon
combustion takes place in the condensed phase owing to the high
vaporization temperatures of both Si (Ty = 3538 K) and SiO, (Tp =
3220 K). Silicon is by far the most studied fuel for gasless
pyrotechnic time delays.

Several workers have investigated the behavior of silicon as
fuel [73a, 112]. The oxidation of silicon by gaseous oxygen occurs
in the temperature range of 990 to 1200°C. The rate of oxidation
in wet oxygen atmospheres is faster than in dry oxygen
atmospheres. The kinetic of oxidation in wet and dry atmospheres
is a function of the partial pressures of H,O and O, respectively
[99]. The oxidation occurs at the Si/SiO; interface and O; has to
diffuse through the oxide layer for the reaction to occur. The layer
of SiO; that adheres to the silicon particle surface represents a
diffusion barrier. If this coating layer is very compact, further
oxidation could be inhibited. The rate of oxidation depends on the
thickness of the oxide layer. In general a parabolic rate law
describes the oxide growth:

AL2+BL=t+C (28)
where L is the thickness of the oxide layer; t is the time and A, B
and C are empirical constants.

7.1.1 Silicon/metal oxide systems

Figure 5 illustrates the range of burning rates that are possible
with different metal oxide oxidants. Table 7 lists the particle size
and BET surface areas for the reagents for which burn rates are
reported in Figure 5 to Figure 7. It also shows the stoichiometric
ranges where sustained burning occurs. The burning rate varies
over two orders of magnitude and increases in the sequence
Fe,03 < Sh,03 < SnO = SbegO13 < Bi,O3 < Pb30,.

Figure 6 shows the effect of oxidant blends on the burning
rate of silicon-fueled compositions containing 40 wt-% silicon. The
burning rate trends are highly nonlinear with respect to oxidant
composition. Fe>03/Sh,03 blends burn significantly faster than
the parent oxide-based compositions. However, when the metal
oxide oxidizer content is kept fixed, and the ratio between two
fuels is varied instead, the burning rate varies approximately
linearly as shown in Figure 7.
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Table 6. Slowest-to-fastest burning rates (u) reported for selected delay
compositions and thermites. The tube wall materials is also indicated.

Fuel/Oxidant Tube u (mm s™) Ref.
Si/Pb30a cM 2.2-3.8 [109]
Si/Pb3O4 + CNTH CM 4.4-5.85 [109]
Si/CaS0O4 Al 6.9-12.5 [19]
Si/Sb,0s Pb 7-14 [73c]
Si/BaSOs Al 8.4-16 [18]
Si/Cu(ShO2)-xZn(SbO2).  Pb 6-20 [73c]
Si/SbsOu3 Pb 4.8-20.4 [20]
Si/CaS0a Al 12.7-31.8"! [104a]
Si/PbCrO4 Pb 10-30 [73c]
Si/Bi,Os Pb 15-155 [20]
AIWOs3 - 0.08-4.1 [113]
Al/M0oO3 - 412 [46]
AlViton B - 12.5-40 8]
Al/MoO3 Acrylic 600-1000 [86]
Al+Si/CuO + Bi203 MS 115-655 [106]
Mn/MnO; Al 2.4-73 [114]
Mn/CuBizO4 Al 9.3 [26]
Mn/Sh;03 Pb 4.2-9.4 [90]
Mn/Cu;0 Al 5-10 [26]
Mn/V20s Al 7.5-10 [26]
Mn/MnO; Al 6-19 [26]
Mn/Bi>O3 Al 11-22 [26]
W/Sb203, KIO4 1.381-2.99 [104b]
W/MnO2 Al, SS 1.62-4.7 [28]
MgSi/Viton B - 22-82 8]
B4C/NalO4 + PTFE Al 0.48-7.69 [3]
Ti/C+ 3Ni/Al Al 2.1-38.1 [27]

RICNT = carbon nano tubes; PWith aluminum as additive; [!Calcium stearate
additive; Al = Aluminum; CM = Cast metal; Pb = lead; SS = stainless steel. S =
mild steel.
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Figure 5. The effect of stoichiometry and the nature of the metal oxide oxidant
on the burning rate of silicon fuel-based delay compositions. Details of the
reagent properties are listed in Table 7.

Silicon/lead oxides. Silicon/lead oxide preparations have
found widespread application as millisecond gasless time delay
systems [73a].

Si/PbO system. The DTA response of a 30:70 Si/PbO
powder mixture in air exhibits three exotherm peaks at 590, 665
and 710°C respectively [73a]. The first reaction corresponds to
the conversion of PbO to Pb;O, (red lead) and commences at
350°C [99]: 6 PbO + 4 O, —» 2 Pb3zO4. The PbzO4 reacts with
silicon above 540°C and regenerates PbO: 2 Pb3O4 + 4 Si — 6
PbO + 4 SiO..

At 665°C more silicon is oxidized by the freshly formed PbO
and O,: PbO + 12 O, + Si —» Pb + SiO».

Si/PbO2 system. DTA analysis of PbO, reveals several
endotherms corresponding to its step-wise decomposition:

0
PbO, —25 3y Pp0Orss —25 5 Ppors —225 5 pheo,

_ 5% oo

The fifth endotherm observed at ~875°C indicates the melting of
PbO [37]. The observed and calculated heats of reaction AHr
show a maximum near 10.5% Si [73a]. This suggests that this is
the stoichiometric quantity of Si that is required to consume all the
oxidizer and it is consistent with the reaction: PbO, + Si — Pb +
SiO,. The maximum burning rate of Si/PbO, mixtures occurs at
35% Si. This burning rate also decreases with increasing particle
size [37].
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Table 7. Properties of silicon fuel and metals of metal oxides reported in Figures
5 to 7. The material of construction of the delay element tubes are given too.

Tube Oxidant/Fuel dso (um) BET (m?g™Y) Ref.
Stainless Si 3.4 10 [115]
steel
FeSi7 6 3.2
channel
CaSi 25.8 n.d.
Sh203 0.60 3.8 [116]
Fe20s3 0.40 1.2 [104c]
SnO2 9.7 8.7
Lead tubes Si 0.91 10.1 [20]
SbeO13 n.d.B@
Bi2O3 6.0
Cast metal  Si 1.9 6.26 [73a]
tubes
PbsOa 5.0 0.422

1al Colloidal precursor Sb2Os; ! Precursor bismuth subcarbonate
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Figure 6. Ternary mixtures containing 40 wt-% silicon showing the effect of
binary metal oxide on the burning rate.
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Figure 7. Ternary mixtures containing fixed amount (in wt-%) of a metal oxide
oxidant showing the effect of binary fuel mixtures on the burning rate.

Si/Pb304 system. Al-Kazraji and Rees [73a] investigated
the fast pyrotechnic delay composition silicon/red lead. Their
thermal analysis results revealed three main exothermic peaks:
590, 670, and 760°C. Their observations can be explained in
terms of the following sequence of events. The red lead (Pb3O4)
decomposes above 540°C to yield a solid residue of PbO that
reacts readily with silicon. This occurs at the onset of the first
exothermic peak (590°C) obtained from DTA. The proposed
reaction mechanism is:

Pb304 (s) — 3PbO (s) + ¥2 O (9)

2 Pb30s4 (s) + Si(s) = SiO; (s) + 6PbO (s)

PbO (s) + Si (s) +¥20- (g) — Pb (I) + SiO; (s)
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The reaction corresponding to the second exotherm (665°C)
releases more heat and is associated with the oxidation of molten
lead from the previous reaction to lead oxide, which in turn reacts
with excess silicon at the onset of 665°C. That produces sufficient
heat to raise the temperature for a further reaction to take place
in bulk after diffusion through the layer of reaction products
formed around the reactants. When the flow was nitrogen, the
second reaction was less violent because of the absence of
atmospheric oxygen. The third peak (760°C), smaller than the
second and very pronounced for silicon-rich compositions, is
possibly due to the reaction between PbO and PbSiO, (lead
silicate) at the melting point of the silicate.

Moghaddam and Rees [117] suggested that the mechanism
for the reaction in the Si/Pb3;0,4 system is essentially the formation
of a eutectic of PbO with SiO, around 720°C. The PbO and SiO,
melt at 886°C and 1610°C respectively. Thus, the delay time
depends on the kinetics of the formation of the eutectic.

The maximum burning rate was observed at approximately
30 wt-% Si for coarse silicon (davg = 5 pm) and 15 wt-% Si for fine
silicon (davg = 1.9 ym) [99]. In addition, the composition at which
the maximum burning rate occurred did not correspond to the
composition of maximum enthalpy (~10%). The maximum burning
rate increased (from 16 to 300 mm s™1) when the specific surface
area of the silicon was increased from 0.08 to 5.36 m?g ~ [73b].

Jakubko and Cernoskova [118] used differential thermal
analysis, X-ray diffraction and infra-red spectroscopy to examine
the thermal behavior of the Si-PbsO, system and to characterize
its combustion products. It was concluded that the Si-
Pb3;0,4 system exhibits a rather complicated reaction mechanism
including both gas-solid and solid-solid reactions (proceeding
below oxidant decomposition temperature) whose relative
importance depends on the fuel content of the mixture.

Jakubko [119] reported additional experimental and
theoretical results pertaining to the silicon-red lead pyrotechnic
system. Jakubko [16] investigated the effects of ambient pressure
ranging from 101 up to 3040 kPa and temperature from 233 up to
353 K on burning rate of both high and low fuel content Si-Pb3O4
mixtures. Adding sodium and calcium fluorides diminished the
pressure dependency of the burning rate for the low fuel content
mixture, but left it almost unaffected for that containing a high
amount of silicon. This difference in behavior of the mixtures was
explained in terms of differences in the combustion mechanisms.
The rate of burning increased linearly with ambient temperature.

Due to its weak oxidative power, ferric oxide has found
application delay as an inhibitor in pyrotechnic formulations [112].
The inhibition effect is attributed to the formation of plumbates.
See Table 8 for its effect in the system Si/Pbz0,.

Table 8. Retarding effect of ferric oxide on the burning rate of the Si/PbsO4
system.

Fe203 (Wt-06)* 10 20 30

Burning rate (mm s™) 125 78 45 25

Add-on to a Si/PbsO4 composition containing 40 wt-% silicon

Silicon/bismuth oxide. The use of the Si/Bi,O3; system in
pyrotechnic delay systems has been patented [120]. The main
reaction may be represented by: 3Si + 2Bi,O3 — 3SiO; + 4Bi. This
corresponds to about 8.3 wt-% Si in the composition. Little gas is
produced during combustion and the maximum heat release
occurs at about 20 wt-% Si [66]. Burning rate measurements have
been reported [66]. The effect of fuel particle size and
stoichiometry on the burning rate are illustrated in Figure 8 [20].



Addition of Zr as a co-fuel enhanced ignitability and increases the
burning speed (See Table 9). Burn speeds up to 100 mm s were
obtained with Zr contents above 25 wt-% (expressed as part of
the fuel).
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Figure 8. The effect of stoichiometry and fuel particle size on the burn rate (in
lead tubes) for the Si-Bi.Os system [20]. Surface average particle sizes: —-A—
0.91 um; —O— 2.35 um; —<>— 3.94 pum.

Table 9. Effect of zirconium, as partial replacement of silicon, on the burning
rate of Si/Bi.Oz [120]

Composition[® (wt-%) Burning rate

(mms™?)
Si Zr Bi2O3 TiO2
28 5 67 - 76
30 20 50 - 100
3 10 60 27 9

@Particle sizes: Silicon: 3 um; zirconium: 2 um; titanium oxide: < 1 um; and
Bi203: 5 um.

7.1.2 Silicon/non-oxide oxidizers

Classic thermite-type composition comprise metal/metal oxide
mixtures. However, some compositions contain oxy salts, e.g.
chlorates, perchlorates, nitrates, chromates and sulfates [21, 37],
of alkali, alkali earth or transition metals. These oxidizers may
release oxygen to the reducing fuel via lattice destabilization,
melting, sublimation and thermal decomposition [15, 37, 121]. A
key characteristic of compositions with non-oxide oxidizers is the
generation of significant amounts of gaseous products [122].
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Silicon/barium sulfate. The slow burning Si/BaSO, has
found use in long-period delays [17]. The system burns only in the
Si-content composition range 34 - 50 wt-%; with a specific surface
area between 0.45 and 2.36 m?g* for the BaSO,. The 42 wt-% Si
composition gives a burning rate of ca. 4.3 mm s

Addition of V,0s as an ingredient acting as a flux
significantly improved the firing reliability of 45.5 wt-% Si/BaSO4
delay compositions [17]. The burning rate (ca. 4.05 mm s™!) was
independent of the V,0s content up to an add-on of 10 wt-%. This
implies that the melting flux assisted in the initiation of the
Si/BaSO, without affecting in the main combustion reaction.
Above 10 wt-% the dilution effect of the inert flux tended to quench
the reaction [17]. Addition of potassium perchlorate or
manganese dioxide to the Si/BaSO,4 system apparently improves
reliability and reduces the temperature dependence of the burning
rate [123].

Silicon/calcium sulfate. In view of environmental concerns,
the inexpensive anhydrous calcium sulfate was investigated as
an alternative “green” oxidant in place of BaSO4 [19]. Combustion
was only supported in the range of 30—70 wt-% Si. In this range
the reaction rate and energy output decreased with increasing
silicon content. The reaction product was a complex mixture that
contained crystalline phases in addition to an amorphous calcium
silicate phase.

Non-oxide based systems tend to proceed via complex
reaction mechanisms and produce a variety of reaction products.
This is exemplified by the Si/BaSO,4 and Si/CaSO4 compositions
[18-19]. For example, the proposed multistage reaction
mechanism for the Si/CaSO, composition is:

CaS0, + 2Si — CaS + 2SiO;

CaS0O, —» CaO + SO, + % O,

Si+ 0, — SiO;

SiO; + CaO — CaSiOs
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Figure 9. Effect of fuel content on the burning rate of Si/BaSO4 and Si/CaSOa4
compositions measured in rigid aluminum elements. Median particle size (dso)
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Figure 9 shows that the burning rates of the Si-CaSQO,
system are comparable to those for the slow-burning Si/BaSO,
pyrotechnic delay composition [18]. Both formulations were
insensitive to impact, friction, and electrostatic discharge stimuli.
The reaction products were a complex mixture that contained
crystalline phases in addition to an amorphous phase. Although
barium sulfate is insoluble in water and decidedly nontoxic, the
reaction products produced by the Si/BaSO4 compositions were
found to release soluble barium ions when contacted with water.

The Si/CaSO, system was found to be sensitive to the
presence of inert material, addition of as little as 1 wt-% fumed
silica stifled combustion in the aluminum tubes [104a].
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Figure 10. Effect of fuel content on the burning rate of Si/BaCrO. and
Si/CuSh204 compositions measured in rolled lead tubes. Median particle size
(dso) of the silicon powder was 1.83 ym and BET surface area was 8.30 m?g2.
The BET value for the PbCrO4 and the CuSb204 was 16.7 m? g2

Si/lead  chromate and Si/copper  antimonite.
Conventional mine detonators include a small starter increment
that is easy to ignite and that acts as a sealing composition. It was
found that, unlike most other slow- or medium-fast burning
compositions, antimony trioxide, lead chromate, and copper
antimonite time-delay compositions were all directly ignitable by
shock tubing [73c]. Figure 10 shows measured burn rates for the
latter two systems. Lead chromate mixtures burned fastest under
comparable conditions. Addition of aluminum powder or fumed
silica reduced the burning rates.

Co-precipitated copper antimonite-zinc antimonite.
CuSh,04-xZnSh,0,4 co-precipitates provided for faster burning
than neat copper antimonite—silicon mixtures[73c]. The effect of
zinc content on burning rate was determined using mixtures
containing 40 wt-% Si. Co-precipitates with x=1 and x=2 burned
at a rate of ca. 20 mm s, i.e. almost twice as fast as neat copper
antimonite.

7.2 Zinc as fuel

Zinc/lead oxides. Zinc has a low melting point (420°C) that is
readily reached during combustion in Zn/oxidant pyrotechnic
systems. Zinc burned in combination with any of the lead oxides
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(PbO,, Pb3O,4 and PbO) over a range of compositions (10—-70%
Zn) [38]. The burning rates varied in the range 2.2 to 90 mm s
for compositions containing 20 to 50 wt-% Zn. However, as the
compaction pressure was increased the range of compositions
that burned decreased. For example, at a compaction pressure of
55 MPa, only Zn/PbO, sustained combustion and then only in the
range 20-45 wt-% Zn. Mixtures of Zn/PbO only burned in loose
powder form. It was observed that compositions with higher Zn
contents were gassier and burned more rapidly and violently. It is
likely that the gas was a mixture of O, and vapors of Zn and Pb.
Only in the case of Zn/Pb30, the oxidant was fully reduced and
converted to Pb. The maximum combustion temperatures
reached of Zn/PbO, or Zn/Ph3s04 mixtures exceeded 1800°C. The
Zn/PbO;, combustion residues had a spongy appearance that
indicated gas evolution. This systems is not suitable for use as
gasless pyrotechnic delays because of the gassy combustion [38].

7.3. Iron as fuel

Iron/barium oxide. Spice and Staveley [67] investigated the slow
reaction between iron and barium peroxide by compressing the
mixture into pellets, heating uniformly to various temperatures
below the ignition temperature and following the amount of iron
present by a magnetic method.

Tribelhorn et al. [40] investigated the effect of formulation
variables, including the compaction pressure, on the behavior of
iron-fueled binary pyrotechnic systems. Burning rates for the
iron/barium oxide system ranged from 23 to 39 mm s reaching
a maximum around 30 wt-% Fe. The burning rates for
compositions compacted at 55 MPa were higher than those for
loose compositions. Increasing the compaction pressure beyond
55 MPa led to a decrease in burning rates. Compaction promotes
inter-particle contact and hence the rate of solid-solid reactions.
When solid-gas reactions are also involved, increased
compaction slows the rate of burning as the fuel surface area
accessible to the gas is decreased.

The effect of additives and environmental factors was
studied using 20% Fe/BaO; as the base formulation. Addition of
5% barium hydroxide [Ba(OH).] inhibited combustion. Although
mixtures containing >15% BaCO; supported combustion, its
formation on the surfaces of BaO; decreased the reactivity of the
system. The presence of even 1% water inhibited the ignition of
the composition. This was attributed to the formation of a coating
of Ba(OH). on the BaO, particles. Such layers apparently inhibit
combustion more than having a few separate particles of Ba(OH).
interspersed throughout the mixture. It was also observed that the
endothermic decomposition of the hydroxide regenerated water
vapor during the combustion and this also affected the
combustion rate. Water may have a deleterious effect on the
burning rate by corroding the surfaces of the iron particles to form
oxides and hydroxides.

The main reactions likely to be involved in combustion of the
Fe/BaO, system are:

2 Fe(s) + 3Ba0y(s) - Fe0s3 (s) + 3BaO (s)

3 Fe(s) + 4Ba04(s) — Fes04 (s) + 4BaO (s)

Fe(s) + BaO(s) - FeO (s) + BaO (s)

The reaction order varied with the Fe content of the mixture and
ranged from 0.50 to 0.71. The corresponding activation energies
varied erratically with the Fe content but ranged between 7 and
13 kJ mol=. These low apparent activation energies are indicative
of diffusion-controlled processes.



7.4 Zirconium as fuel

Zirconium/iron oxide. Cheng et al. [124] investigated the use of
the Zr/Fe,O3; system as a pyrotechnic delay element. DSC
showed a strong exotherm at 395 to 430°C for mixtures containing
from 10 to 80 wt-% Zr. Cheng et al. [124] also observed a pre-
ignition of reaction in the range of 310 to 330°C. The overall
reaction is: 3Zr (s) + 2Fe;03 (s) — 4Fe (s) + 3ZrO; (s)

The nature of the combustion products, identified by XRD
analysis, depended on the fuel content of the mixture. See Table
10. Interesting is the fact that at 70 wt-% Zr both a classic thermite
oxidation-reduction reaction and an intermetallic reaction in which
excess zircon reacts with the reduced iron to form ZrFe; as
follows: 2Zr (s) + 2FeO (s) — ZrO; (s) + ZrFe; (s)

Table 10. The combustion products of the Zr/Fe>Oz system.

Zr (Wt-%) 30 50 70

Products ZrO2, Fe, FeO ZrOz, Fe ZrO2, ZrFe2

Burning rate and the heat of reaction showed similar trends
with respect to the composition dependence. The burning rate did
not vary significantly in the Zr content range 48 to 56 wt-%. The
maximum heat of reaction was obtained with 50% Zr. The
compaction pressure had only a slight effect on the burning rate.

7.5 Manganese as fuel

Wang and Sundman [125] and Grundy et al. [126] presented
thermodynamic parameters of the Mn-O system, including the
phase diagrams. The metal itself can exist in several different
crystalline phases. There are four known oxides, manganosite
(Mn1_xO) a nonstoichiometric compound with a deficit of Mn,
hausmannite (Mn30,), bixbyite (Mn,Os3), and pyrolusite (MnOy).
The system exhibits a wide liquid miscibility gap on the Mn-Mn;_xO
side and a eutectic point on the Mn;_xO-Mn3O;, side.
Manganese/metal oxides. Manganese metal as fuel
provides for medium to slow burning pyrotechnic compositions
when combined with the following oxidizers: Bi,Oz, CuBi,Oy,
MnO;, Cu;0, V,0s, SbeO;3 and CuO [26]. Burning rates were
measured for delay compositions press-filled in aluminum or
compaction-rolled in lead tubes. See Figure 12. They varied
between 5 and 22 mm s but slower burning ternary and
quaternary compositions were also found. For the mixtures
pressed in aluminum tube, the reaction with Bi;O3 was the fastest
at 22 mm s and with Cu.O it was the slowest at ca. 5 mm s, It
was possible to decrease the burning rate to below 5 mm s by
formulating suitable multicomponent mixtures. Adding ca. 5 wt %
hollow glass spheres was particularly effective in this regard.

Mn/BaOz and Mn/SrO.. Drennan and Brown [39] studied
binary and ternary pyrotechnic systems with manganese fuel and
BaO, and SrO, as the oxidants. The Mn/BaO;, Mn/SrO, systems
burned over a wide range of compositions with the burning rate
ranging from 2 to 12 mms™. Burning rates were increased by the
use of smaller particle-sizes of fuel and higher compaction
pressures while inert additives generally decreased the burning
rate. The mass burning rate increased with compaction for both
systems and this suggests the possible occurrence of a genuine
solid-solid reaction [37].

Manganese/antimony trioxide. EKVI thermodynamic
modelling predicted two maxima in the adiabatic reaction
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temperature for the binary Mn/Sh,O3; pyrotechnic system [90].
The local maximum, at a manganese fuel content of ca. 36 wt-%,
corresponds to a pure thermite-type redox reaction according to:
3Mn + Sbh,03 — 3MnO + 2Sbh. The overall maximum in the
adiabatic reaction temperature (ca. 1640 K), at the fuel-rich
composition of 49 wt-% Mn, is consistent with a combination of
the standard thermite reaction with an additional exothermic
intermetallic reaction 5Mn + Sb,O3 — 3MnO + 2MnSbh. XRD
analysis of combustion residues confirmed the formation of MnSb
and Mn,Sb for fuel-rich compositions.

Burn rates were measured using delay elements assembled
into commercial detonators. The dso particle sizes were 23.4 and
0.92 um for the Mn fuel and Sb,O3 oxidant powders, respectively.
The delay elements comprised rolled lead tubes with a length of
44 mm and an outer diameter of 6.4 mm. The rolling action
compacted the pyrotechnic compositions to 74 + 2% theoretical
maximum density. The burning rate (see Figure 11) increased
approximately linearly from 4.2 to 9.4 mms~! over the composition
range 25-50 wt-% Mn.
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Figure 11. Experimental burning rates for the system Mn/Sb203 as a function
of fuel content in rolled lead tubes [90]. The dso values were 23.4 pm and 0.92
um for the Mn fuel and the Sb2O3 oxidant respectively.

Manganese/manganese dioxide. Mn/MnO; mixtures, a
system where the fuel and the oxidant share a common metal,
showed reliable burning over a wide stoichiometric range [26].
The reactants combine to form the more stable intermediate oxide
(MnO) releasing considerable quantities of heat in the process.
The effect of stoichiometry is shown in Figure 12. The addition of
fumed silica to the Mn/MnO, system had little effect on the
propagation rate.

The Mn/MnO, reactive system is not sensitive to ignition by
friction or electrostatic stimuli [114]. Stoichiometries with
measured combustion temperatures between 1358 and 2113 K
were found to be self-sustaining with burning rates ranging from
2.4 to 7.3 mm s™%. The X-ray diffraction-determined combustion
products appeared to be benign based on current regulations.
Miklaszewski et al. [114] concluded that Mn/MnO. appears to be
a suitable low gas-producing, insensitive, less toxic delay
composition with good longevity.



Kappagantula et al. [85] extended studies of the Mn/MnO;
system to nano-energetics. Their results showed that heat
conduction is the dominant energy-transfer mechanism for the
reaction even in the loose powder configuration, regardless of the
fuel particle size. Higher burning rates were achieved using nano-
Mn as fuel despite the fact that the Mn3;O, passivating shell
covering the fuel particles reduced the manganese content to only
86 wt-% Mn. This behavior was attributed to the manganese(ll,11l)
oxide representing an oxygen-rich reactive covering. This
contrast with nanometric aluminum (Al) particles where the inert
alumina (Al,O3z) passivation shell does not participate in the
oxidation reaction and, instead, acts as a heat sink retarding
energy propagation.
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Figure 12. The effect of different oxidants on the burning rate for delay
compositions with manganese as fuel. (a) The effect of the oxidants Bi2Os, Cu20
and CuBi204 on burning rate in aluminum tubes. (b) MnO2- and V2Os-based
compositions were press-filled in aluminum tubes but the SbsO13 composition
was compacted in rolled lead tubes. The dso particle size of the Mn fuel was 6.0
um and the BET surface area was 0.60 m?g2.
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Figure 13. The effect of stoichiometry on the burning rate for B/Fe20z mixtures
[25].
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Figure 14. Effect of ambient temperature and stoichiometry on the burning rate
for B/Pb3O4 mixtures [127].

7.6 Boron as fuel

Elischer et al. [25] considered the ‘green’ B/Fe,O3; composition.
Boron has a low toxicity and iron oxide is regarded as being less
hazardous to health than most other materials traditionally used
in pyrotechnic delays. Delay lengths of 7 mm were pressed into
lead tubes at pressures ranging from 160 to 400 MPa. There was
no significant variation in the functioning time of the delay units
with increased pressing load for the 25 wt-% B composition. The



burning rate at this composition increased linearly with
temperature at a rate of 2.2 % in the temperature range -40 °C to
60 °C. The effect of stoichiometry on the burning rate is shown in
Figure 13.

The burning rates of B/Pb3zO,4 delay compositions were also
investigated [127]. The boron content was varied from 1 to 16%
and the ambient temperature from -50°C up to 70°C. The
measured burning rates increased as both parameters were
increased and ranged from 12.8 to 31.2 mm s™*. See Figure 14.
For fixed compositions the burning rate increased linearly with
temperature. The effect of composition was more pronounced
than that of temperature. The effect of composition on burning
rate showed a logarithmic dependence.

Silicon/boron/potassium dichromate. In the B/Si/K,Cr,O7
systems, ignition occurs immediately after fusion of the oxidant
[41]. The boron acts as a trigger by burning with the molten
oxidant prior to the combustion of the silicon. The silicon then
reacts, as a follow-up reaction. Charsley and co-workers [10]
showed that in the binary system B/K,Cr,O;, the combustion
reaction is self-propagating above a fuel content of 5%. For
mixtures prepared from 4% B/K,Cr,O;, the presence of a few
percent of silicon is beneficial and indeed is responsible for
propagating the combustion. The boron in the ternary mixture
burns in a matrix of molten oxidant, which progresses through the
burning compositions as a molten front. However, the rate-
determining step of the kinetic mechanism involves the formation
of a liquid phase [41]. The ignition temperature of the ternary
mixtures is about 660 K. It was observed that the addition of
silicon increased the maximum reaction temperature and the
rising slope of the temperature profiles [10].
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Figure 15. The effect of stoichiometry on the burning rate for Mo/BaO. and
Mo/SrO2 mixtures [39].

7.7 Molybdenum as fuel

Drennan and Brown [39] studied binary and ternary pyrotechnic

systems with molybdenum as fuel and BaO; and SrO; as oxidants.

The Mo/BaO; system burned over a wide range of compositions,

22

WILEY-VCH

but the range of ignitable compositions for the Mo/SrO, system
was very limited. The linear burning rates, for all these systems,
range from 2 to 10 mms™ (see Figure 15) and burning rates were
increased by the use of smaller particle-sizes of fuel and greater
loading pressures. Inert additives generally decreased the
burning rate. The mass burning rate increased with compaction
for both systems and this suggests the occurrence of a genuine
solid-solid reaction [37].

7.8 Tungsten as fuel

E. Shachar and A. Gany [128] reported on a very slow burning
W/KCIO4/BaCrO,4 time delay composition. Burning rates in the
order of 1.6 mm s were achieved. The presence of the
potassium perchlorate in this systems was found to be vital for
starting the solid state reaction. The postulated reactions are:

W+3/8 KCIO4+BaCrO, — WO3+3/8KCI+4/8Cr,03+BaO + 508 kJ
BaO + WO; — BaWO, + 307 kJ

Tungsten/manganese dioxide. Koenig et al. [28] explored
the W/MnO, composition as an environmentally benign time delay
replacement. Measured maximum combustion temperatures
ranged from 1466 to 1670 K as a function of mixture stoichiometry.
The measured burning rates ranged from 1.62 to 4.61 mm s™* and
varied almost linearly with tungsten content in the range 40 <W <
60 wt-%. The maximum measured gas production was 9.1 mL g~*.
The combustion products were characterized with powder X-ray
diffraction and appear benign on the basis of known compound
information. The primary reaction products were believed to be
tungsten trioxide and MnO which then react to form manganese
tungstate. The proposed reaction scheme is:

W + 3MnO; — WOj3; + 3MnO

WO3 + MNO — MnWO4,

So that the overall result, as predicted by FactSage, is:

W + 3MnO; — MnWO, + 2MnO

Analysis of the combustion products confirmed the
formation of manganese tungstate (MnWO,) but the residues also
contained trimanganese tungstate (MnsWOs), tungsten (W), and
manganese(ll,Ill) oxide (Mn3O,).

7.9. Intermetallic systems

The possibility of intermetallic-based pyrotechnic devices was
mooted as early as 1973 [71, 91]. Fischer and Grubelich [32]
published a review listing numerous possible intermetallic
reactions. Intermetallics have been a long-lasting research area
in SHS and recently it has become a very intensely researched
topic in nano-thermites through the development of multilayer
intermetallics. The implication is that there simply must be
possibilities to explore the use of intermetallics for delay
applications. Promising hints can be found in the preparation of
particle composites with intimate contact between the reactive
metallic components achieved through the process of arrested
milling [45] and by the development of novel manufacturing
techniques for composite particles comprising multilayer
intermetallics [129]. However, to date, only one study has dealt
with intermetallic couples as reagents for a delay composition [27].

The Ti/C-3Ni/Al combination was shown to be a suitable
delay composition with tunable burning rates ranging from 2.1—
38.1 mms in aluminum microchannels with diameters ranging
from 4.0-6.0 mm [27]. Increasing the Ti/C content resulted in
faster burning rates while decreasing microchannel diameter had
the opposite effect. It was found possible to overcome the heat
losses associated with the small diameter microchannels by



varying the relative amounts of Ti/C and 3Ni/Al. At 40 wt-% Ti/C
content, the failure diameter was found to be between 3.0 and 4.0
mm, while at 30 wt- % Ti/C the failure diameter was between 4.8
and 6.0 mm. Measured combustion temperatures in metal
microchannels were approximately 1700 K while those of
unconfined pellets were around 100 K greater.

8. Processing pyrotechnics compositions

It is important in pyrotechnic technology to ensure the
homogeneity of the mix as this will result in the regularity,
reproducibility and uniformity of the combustion wave motion for
a particular composition. Processing also has an effect on the
ease of manufacture (e.g. press loading) and, in particular, safety.

8.1 Synthesis/particle fabrication

Co-precipitation. This approach is used to produce mixtures with
intimate contact between the reductant and the oxidant.
Examples include the co-precipitation of B-BaCrO4 mixture and
the co-precipitation of Mn-BaCrOs,-PbCrO, mixtures [37];
Si/BaS0O4/Pb3O, mixtures [130], co-precipitation of the oxidant
Cqu204.xZnSb204 [730].

Coacervation. Coacervation is a type of co-precipitation
that depends on the ability of ethyl alcohol to pre-empt the solvent
capacity of water. Soluble ionic compounds form stable solutions
in water because of hydration i.e. the formation of a stable water
hydration shell around the ions bonded by ion-dipole interactions.
It is the enveloping water layers that prevent re-association and
thus stabilize the solution. Ethyl alcohol molecules bond more
strongly to the water molecules than do the cations. Consequently,
the addition of the alcohol to a water solution of salt strips the ions
of their protective coating and causes re-association and
precipitation. This technique has been used in the preparation of
Mg/NaNOs illuminating flare mixtures and Si/B/K,Cr,O; delay
mixtures [37].

Composite particles. Intimate contact between the
reacting components is achieved in multilayer intermetallics.
Uniformly-shaped, micron-scale particles with nanoscale layers
can be fabricated by depositing multilayer films onto mesh
substrates with a square weave [129a]. Such films spontaneously
break into individual particles at the weave intersections during
removal. Compacts of such particles self-propagated up to 200
times slower than reactions in continuous multilayer foils with
similar chemistries, layer thicknesses and ignition thresholds. It is
also possible to create such reactive multilayer powders by milling
previously cold-rolled stacks of alternating multilayer laminate
sheets of the two components [129b].

8.2 Size reduction/comminution

A ball mill or micro pulverizer should not be used to mix a
combustible  pyrotechnic, nor should they be used
interchangeably for oxidizers and reductants since small residues
of the one can react with the other [37].

Grinding and milling. The milling of hygroscopic materials
must be done under conditions of near-absolute dryness. As the
particle size is reduced, the surface area increases and moisture
absorption becomes extensive. When milled, the waxy materials
must ‘freeze’ and become sufficiently brittle to fragment [108].
Micro pulverizers are used to reduce the particle size and to
ensure that each batch is prepared in the same way. The standard
operating procedure for all inorganic oxidizers is to dry, micro
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pulverize (no more than 2 days before use) and then dry again
[37]. The addition of 1 to 2% of hydrophobic silica to pyrotechnic
mixes proves to be efficient in the milling [108]. In certain milling
operations, synergism was observed when using a combination
of molecular sieves and hydrophobic silica. The former dried the
particles and the latter coats their surfaces once fragmented [108].

Ball milling. Ball mills also serve to reduce the particle size
of relatively brittle substances, such as oxidizer salts. Milling
increases the reactivity of reactants and this change may be the
result of the reduction in particle size (increase of specific surface
area), the distortion of the structure, the breaking up of
agglomerates or, more likely, of stripping the metal particles from
inhibiting surface layers [9]. The success of this technique is a
function of material properties, such as fragility and hardness.

Magnetically assisted impaction mixing (MAIM) is an
environmentally benign mechanical process, suitable even for
processing nanoparticle mixtures [131]. With this process
homogeneity of mixing levels approaches those achieved by rapid
expansion of supercritical or high-pressure suspensions or
sonication of a suspension of the nanoparticles in supercritical
CO,. The method has been wused to prepare a
time delay composition also known as T-10 which contains boron
(B) and barium chromate (BaCrO,) as powder components [132].

The preparation of energetic materials by mechanical
milling is a challenge as they are easily initiated by impact or
friction [45]. Nevertheless, arrested reactive milling has been
exploited to prepare many inorganic reactive materials. The
process yields fully dense composite particles with unique
properties, combining high density with extremely high reactivity.
The milling is done at cryogenic temperatures or a staged milling
protocol is used to prepare such hybrid reactive materials with
different components mixed on different scale.

8.3 Raw material preparation

A major problem in the processing of powdered formulations is
agglomeration. This problem can be encountered when one or
more of the powdered constituents are either hygroscopic, e.g.
ammonium perchlorate or sodium nitrate; waxy or oily; or
unusually shaped, such as flakes or needle-shaped particles. The
agglomeration increases as the particle size decreases and the
moisture content increases. The latter leads to caking of the
powder. This means that most fine particle powders have to be
specially handled in all processing techniques, i.e. drying the
powder at elevated temperature, screening to break up or remove
agglomerates, and desiccating to prevent moisture uptake [108].

Drying. Molecular sieves are used to achieve near-absolute
drying of powders. They are crystalline zeolites that have
angstrom-sized pores that allow a selective adsorption of polar
gases and liquids. Moisture is transferred from the powders to the
molecular sieves. This is an equilibrium process. The efficiency of
molecular sieves has been demonstrated in the milling of a
water-ignitable pyrotechnic composition of B/AgF, [108]. Direct
contact of molecular sieves with sensitive materials, such as
explosives, must be avoided. The heat of adsorption might be
sufficient to cause ignition of sensitive materials [108].

Heat treatment. Heat treatment enhances the uniformity of
processed materials by desorption of moisture or other materials
that have covered the surface of particulates. For example,
PbCrO,4 and BaCrQ, are preheated at 400°C before use [37]. The
heat treatment of a mixture delay composition requires
precautions to avoid ignition. The temperature is therefore kept
far below runaway conditions. For example, the fast burning
Si/Pb3O4 mixture is dried below 70°C.

Coating. In order to avoid possible surface deterioration of
metal powders, protective coatings are applied. Coating materials



such as paraffin, linseed oil, stearic acid and poly(vinyl chloride)
(PVC) may be applied by dipping or spraying [37].

Powder conditioning. Flow-conditioner additives are
extensively used to overcome agglomeration problems. These
are usually very fine powders of sub-sieve particle size and
include various types of silicates, stearates, phosphates,
diatomaceous earth, starch, magnesium oxide, talc and fatty
amines. These conditioners proceed in various ways to improve
flowability and prevent agglomeration, e.g. they may form a solid
barrier between the powder particles, reducing their attractive
forces; lubricate the solid surfaces, reducing friction between the
particles, or neutralize electrostatic charges [108].

Colloidal hydrophobic fumed silica, in powder form, is a
powerful flow-conditioner additive at low dosages (< 1 wt-%).
Normal silica aerogel is hydrophilic. It can be converted to the
hydrophobic state by replacing the surface hydroxyl groups with
siloxane groups [108] by reaction with e.g. hexamethyldisilazane.
The advantages of this flow conditioner are that it can be
premixed before milling and will allow milling of waxy or oily
materials; the treated powder becomes water repellent, even if
initially hygroscopic; low dosages are required (less than one
percent, on a mass basis, is often adequate); the resultant powder
mix generally has a higher bulk density, and it is chemically inert,
allowing it to be used with sensitive propellants, explosives and
pyrotechnics.

The exceptionally high water repellence of powder
conditioned with hydrophobic silica is attributed to air entrapment
on the surface of the powder particles. Another advantage of this
technology is associated with the increased bulk density.
Because of the better flowability, the particles flow and slip past
each other readily so that they compact better [108].

8.4 Mixing

Proper mixing eliminates non-uniformities and concentration
gradients. This operation is essential to ensure homogeneity of
the reaction mixture. Methods of processing highly hazardous
mixes include wet and dry mechanical mixing. Different
techniques are used for mechanical processing, e.g. rumbling,
dough mixers and double-cone blenders. Bladed mixers and
ribbon blenders can cause fires [37]. The MIGRAD
mixer/granulator was specifically designed to mix, granulate and
dry a pyrotechnic material (10-20 kg) within a single mixing
chamber [133]. It provides a safer and more efficient method of
mixing, granulating and drying, even highly energetic pyrotechnic
compositions.

RAM mixing [134]. The recently developed RAM mixing
technology possibly represents a breakthrough in mixing
technology. It reportedly employs a resonant acoustic mixing
mechanism. Material inside a mixing vessel is subjected to a low
frequency acoustic field in the axial direction. The result is a
phenomenon called acoustic streaming. It is a second order bulk
motion of the fluid that results in a multitude of micro-mixing cells
throughout the container. In effect the low frequency, high-
intensity acoustic energy is used to create a uniform shear field
throughout the entire mixing vessel. The result is rapid fluidization
(as in a fluidized bed) and dispersion of material. The
characteristic mixing lengths for the RAM technology, operating
at 60 Hz, is nominally 50 pm.

Polymer precipitation. This process involves dissolving the
polymer in a solvent, adding the dry ingredients and stirring
vigorously, then adding a non-solvent to the system to cause
precipitation of the mix. The end product is a homogeneously
dispersed mix of ingredients uniformly coated with the
precipitated polymer. The product does not require screening,
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which is of special benefit with compositions that are hazardous
to screen because of friction sensitivity [37].

Brush screening. Powder mixing is accomplished on a set
of brush screeners, similar to flour sifters that are assembled on
top of each other. The rotating brushes are usually pulley-driven
from a drive shaft connected to a motor [37]. They are remotely
operated to avoid exposing personnel to the hazards of fire and
toxic dust.

Vibrating screens. This is a classic method in which powder
compositions are mixed by rolling conductive rubber balls passing
the powders through sets of mesh screens. However, there are
ignition problems associated with this approach.

Mixing as water slurries followed by spray drying. Spray
drying of slurries is an appropriate method for obtaining free-
flowing granules as it creates almost perfectly spherical particle
agglomerates [135]. In addition to the acceptable flow properties,
this process also yields well-mixed compositions from dispersions
containing different powders and provides control over the
agglomerate particle size distribution [134a, 136]. The spray-
drying process requires that the fuel, oxidizer and other
constituents first be slurried in water [135, 137]. This creates a
potential hazard situation as water reacts dissociatively with most
pyrotechnic fuels creating hydrogen gas [138]. It is therefore
important to find strategies that can be applied to mitigate
hydrogen formation. [49a], S. M. Tichapondwa, W. W. Focke, O.
Del Fabbro, S. Mkhize and E. Muller [49]b, S. M. Tichapondwa,
W. W. Focke, O. Del Fabbro and E. Muller [139] investigated the
effect of pH, adding organic corrosion inhibitors, controlled air
oxidation of the silicon powder before slurrying and the
introduction of competing cathodic reactions as means of
eliminating hydrogen formation when silicon powder was slurried
in water. Hydrophobization of the silicon particle surface by
organic silane coatings was found to be the best strategy resulting
of up to a 97% reduction in hydrogen production [49a].

9. Manufacture of pyrotechnic delay elements
9.1. Design and manufacturing factors

Design and manufacturing factors that can affect the delay
interval produced by a delay element include [11]:

e Design of the delay element, e.g. length and diameter of
the column
Density of the column packing
Type of ignition source used
Ignition transfer and mechanical strength of the column
Thermal conductivity of the tube housing the column

9.2. Manufacturing elements

Rolling lead tubes. The traditional method of manufacturing
pyrotechnic delay elements consisted of filling large bore lead
tube with the pyrotechnic composition and then extruding the lead
tube through a rolling action. This method delivered very
consistent results as the rolling action consolidated the particles
to deliver a very consistent packing density throughout the tube.
The tube is then cut into shorter sections of delay elements. Delay
elements for longer time intervals have been made utilizing long,
straight lead tubes made by the extrusion technique and pressing
them into a flat ‘C’ section or by preparing spirally wound units. In
this way time delays of several minutes were obtained [11]. These
methods are being phased as they employ lead, a contentious
heavy metal.



Powder pressing. The method currently employed is
incremental pressing of powders into a rigid delay tube (usually
aluminum or brass). Pressing the powders incrementally does
have some problems with obtaining consistent results. Since the
powders are pressed in several increments, each increment has
to be filled separately. The consistency of this filling technique is
largely dependent on the flow properties of the delay composition
and, if used, the binder. Each increment also has to be pressed
at a constant pressure to ensure that the consolidation density
remains constant. The consolidation pressure (pressing load)
used during manufacturing is also very important as it determines
the level of confinement of the composition. Usually, the higher
the consolidation pressure, the higher the rate of heat propagation
through the element and a correspondingly higher burning rate is
achieved.

9.3 Porosity and compaction pressure

The degree of preheating of the reactants in a given system is
affected by the forward intrusion of hot combustion products. This,
in turn, is partly determined by the porosity of the compacted
material. Consolidated compositions exhibit microscopic voids
between the ingredients even when compressed at very high
loads. Even at densities approaching the theoretical maximum
(TMD), the voids may constitute upward of 2% of the total volume.
The reason is that, beyond a critical density, further displacement
of the particles is precluded. The loading pressure for a delay
charge is usually around 200-275 MPa [124].

The level of confinement within the element is also a
significant factor. When loosely packed powders burn, much of
the heat generated is lost to the surrounding air, which slows the
burning reaction. On the other hand when the delay element is
well-confined, all the energy is retained within the delay element
and it is used to propagate the reaction. Proper confinement can
also increase the pressure inside the delay element due to small
amounts of gasses formed which could further increase the
burning rate.

The void volume of a composition depends on the
formulation, the physical characteristics of the ingredients such as
the size and the shape of the particles; and the presence of
substances such as waxes or resins that can deform or flow under
pressure [11].

The effect of compaction pressure on the burning rate
should be considered when designing a delay element. With the
incremental method of filling the delay elements, there will be
periodic variations in the degree of compaction. It is believed that
the interfaces between the individual increments may cause a
momentary slowing of the burning front [11].

Dead pressing. Excessive loading pressure can, on the
other hand, also lead to dead pressing. This occurs when the
composition is consolidated to such a high density that the
composition does not ignite or propagate. This is likely due to the
limited space available for gas molecules to migrate and for mass
transfer to take place. The activation energy is therefore much
higher than usual and leads to propagation failures.

Extrusion. Interest in twin screw extrusion of energetic
materials is growing due to the continuous nature of the process
and the cost-effective production it potentially can provide
compared to the more traditional batch processing methods [140].
It is actively applied to the production of flares, thermobaric
devices, propellants and explosives [140]. A melt processable
pyrotechnic composition, based on PVDF polymer (as the
oxidizer) filled with aluminum powder as the fuel, was used to
produce a filament for fused deposition modelling (FDM)
purposes [141]. It was shown that the extrusion and printing
process of the pyrotechnic composition did not negatively impact
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the energetic performance of the system. This opens up the
possibility for the production of time delay fuses in a more
continuous manner. Application of this technology would however
require further development as at low fuel loadings, as in the
abovementioned example, significant amounts of gaseous
combustion products are expected [8]. Pyrotechnic time delays
used for mining, civil and military purposes are generally preferred
to be virtually gasless since they are implemented in enclosed
systems [28, 104a, 114]. The generation of gaseous products can
be decreased by increasing the fuel loading [8]. This, in turn, can
lead to processing difficulties. However if applied as an
unconfined fuse it may offer potential economic benefits.

9.4 Thermal conductivity of the tube wall

Heat loss through the container walls is essentially dealt with by
the tubular geometry. Radial heat flow decreases as the thickness
of the tube increases and an increase in the diameter increases
the heat loss for a constant wall thickness. Axial conduction along
the tube wall affects the speed of a deflagration wave as it travels
down the delay element [142]. Radial ignition is a possibility and
leads to faster burning. Critical is the temperature of the metal wall
at the charge end of the delay element as this controls premature
initiation of a detonation wave. Therefore, an undesirable effect of
high heat conductivity along the column wall may be a premature
initiation of whatever terminal charge follows the delay column [9].

Table 11. Thermal conductivity (1); density (p); heat capacity (Cp), and thermal
diffusivity («) of potential tube materials.

Material A px 1072 Cp ax 108
WmiK?t  kgm3 J kg iK1 m?s?t
Al 220 2.7 960 85
Pb 35.3 11.34 160 19.45
SS 15 8.0 500 3.8
CaSiz 0.42 25 960 2.04
Si 0.35 2.33 720 3.42
Al203 0.22 3.97 780 1.54
Nylon 6 0.24 1.12 1590 0.13
PC 0.20 1.2 1260 0.13
Teflon 0.30 2.20 1050 0.13
PMMA 0.2 1.2 1500 0.11

The effect of axial heat conduction in the metal wall of a
delay element also affects the constancy of the burning rate. The
flame speed is reduced below its one-dimensional adiabatic value
at early times due to heat loss into the cold wall, but exceeds the



adiabatic value at later times because the unreacted pyrotechnic
ahead of the flame is preheated by radial conduction [143]

Table 11 compares the physical properties of potential tube
materials with those of selected pyrotechnic ingredients. The heat
loss will be greater from a tube with high thermal conductivity
when placed inside a thermally conductive container. The internal
tube diameter will have to be kept larger to sustain combustion in
a tube of high thermal conductivity, e.g. one made from aluminum.

Table 12 shows the effect of wall thermal conductivity on the
burning rate of a specific composition of the Sb-KMnQ, system.
The dramatic decrease in the burning rate in acrylic, i.e.
poly(methyl methacrylate) tubes in an open system is attributed
to severe melting and degradation. However, in a closed system
the degradation products caused the development of high
pressures. This increased the burning rate to approximately 8.2
mm s~! and caused a high proportion of tubes to burst.

The use of heat-resistant polymers (e.g. polycarbonate,
PTFE, Kevlar and high-temperature 40% glass-filled polyether
imide) did not reduce the quantity of gaseous degradation
products sufficiently to prevent bursting of the detonator tubes.
This suggests that polymers are not suitable tube materials for
pyrotechnic delays.

Some work has been done on the use of ceramic containers
[9]. The selection of ceramic bodies rather than metallic ones
could have a favorable influence on marginal situations,
especially where multiple columns occur in close proximity [9].

Table 12. Effect of container material on the burning rate (u) of 30% Sb/KMnOg4
in open systems [100].

Container material Burning rate (mm s%)

Column supported in air 1.9
Aluminum 2.2
Polyether imide 25
Acrylic 1.3
Packed in SiO2 24
Packed in CaCO3 2.2

10. Characterizing time delay compositions

10.1. Chemical and phase composition

The physical properties of solids, such as melting, decomposition
temperatures and conductivity, depend greatly on the nature of
the crystal bonding forces. The properties of crystals also depend
on the specific crystal structure since the same atoms may link
together in several different configurations. Crystal structures are
characterized by the geometric symmetries of the unit cell
repeated throughout the lattice and by the closeness of their
packing. X-ray diffraction analysis is the primary characterization
technigue used to identify and quantify the different crystalline
phases present in a composition or a mixture. X-ray fluorescence
is used as a complementary characterization technique to reveal

26

WILEY-VCH

the elemental composition of the reactants. This knowledge is
important as pyrotechnic combustion characteristics are
dependent on the chemical composition of the constituent
components [122]. In addition to the main components, additives
included, or contaminants present, in the composition alter
mechanical and energetic performance [104a, 122]. Furthermore,
crystal form and crystal defects in crystalline pyrotechnic
materials influence the combustion properties of a composition
[18]. For this reason analysis is performed to obtain information
regarding the chemical purity of the constituents. While X-ray
diffraction (XRD) analysis is performed in order to gauge the
phase purity of component [90, 104a, 144], XRD analysis of
combustion products also aids elucidation of the reaction pathway.
This is done by analyzing recovered combustion residue and
identifying the crystalline compounds present [8, 18, 28]. Itis even
possible to use XRD to estimate the quantity of amorphous phase
present [19]. X-ray fluorescence (XRF) is used in order to
determine the elemental composition of mixtures, be it a mixture
of fuels or combustion products [8]. Identifying ratios in which
elements were initially present and present in the solid residue
following combustion provides further information as to the
burning process and reaction scheme that was followed
especially when combined with results from XRD analysis [8, 18,
28].

Most of the fuels used for pyrotechnics have a propensity to
form protective oxide films on the surface which retard and in
some cases prevent oxidation altogether. This oxide layer tends
to influence the burn characteristics of the pyrotechnic
composition. This occurs through reduced fuel-oxidizer contact as
well as a reduced amount of available fuel per unit mass for
reaction. This is particularly prominent in nano-sized materials
where the oxide layer may account for a significant portion of the
particle volume. Focused ion beam-scanning electron microscopy
(FIB-SEM) has been shown to be an effective method of
guantifying the extent of oxide formation on silicon powder [139].
In this method, an ion beam derived from a gallium source is used
to mill the silicon particles into half, the particle cross-section can
then be viewed and the thickness of the oxide layer determined.

Thermal analysis. Thermal analysis techniques have been
used extensively to study energetic materials [10, 29, 52, 121,
145]. Recent reviews of the topic, including general principles of
solid state reactions, are available [54, 145a, 146]. The thermal
analysis methods employed include differential thermal analysis
(DTA) [112]; differential scanning calorimetry (DSC);
thermogravimetric analysis (TGA) [122] [28] [147] [148]; bomb
calorimetry and temperature profile analysis (TPA) [10, 29, 149].
Advanced thermal analysis techniques, recently reviewed [145a],
include electrothermal explosion (ETE), electrothermography
(ET), combustion velocity/temperature analyses, and other
advanced in-situ diagnostics, including time-resolved X-ray
diffraction (TRXRD).

Thermal analysis techniques are useful for studying pre-
ignition phenomenon such as phase changes of individual
components, their decomposition kinetics as well as ignition
temperatures of the compositions. Special care should be taken
when attempting to obtain kinetic data of thermal processes,
including melting and crystallization; thermal decomposition;
reactions of solids; hazardous processes [51, 54]. The extraction
of kinetic information from thermal analysis experiments for useful
and reliable ignition and burning rate modelling purposes is on the
wish list of all pyrotechnicians. The software packages developed
by the Swiss society AKTS (Advanced Kinetics and Technology
Solutions) can assist in this regard [150]. One of the most
common DSC (or DTA) procedures is to estimate values for the
activation energy, E, of the reaction rate with the Kissinger
equation [151]. It posits a simple relationship between the kinetic



parameters, E and ko, and the temperature, Tm, at which the
transformation rate is at its maximum namely,

2
E/RT? = (k,/B)exp(~E/RT,) (29)

Mukasyan and Shuck [145a] reviewed the chemical kinetics
for self-propagating high-temperature non-catalytic reactions with
a major focus on listing the activation energies for numerous
systems, including the factors that influence them. However, the
proper interpretation of activation energies for delay compositions
remains an unresolved issue. Boddington and Laye [94]
conducted burning rate measurements on three gasless
pyrotechnic mixtures over an extended range of ambient
temperatures. They used these results to estimate activation
energy values for the combustion process. The obtained values
(typically less than 50 kJ molt) were low compared with those
obtained by thermal analysis techniques under non-ignition
conditions. Values obtained by analyzing measured temperature
profiles along burning columns returned even lower numbers, in
the range 10-30 kJ mol* with the [29]. At issue is whether kinetic
parameters obtained using the Arrhenius relationship predict too
great a reaction rate for pyrotechnic compositions at low
temperatures. Perhaps the reaction controlling steps depend on
the temperature or maybe the control of combustion is by diffusion
or heat transfer processes? This question needs further
investigation.

Assessing the quality of mixing. The degree of mixing
obtained between the fuel and oxidant particles is very important
in obtaining consistent delay times from the pyrotechnic delay
element. The degree of mixing is influenced by several factors
including particle size, particle size distribution, mixing techniques
and binders used during the manufacturing process [74].
Generally a wider particle size distribution of the oxidant leads to
better mixing characteristics. There is however, currently no direct
method for measuring the quality of mixing. The quality of mixing
is typically evaluated though burning rate measurements and
ignition characteristics. These indirect measurements are,
however, also influenced by other parameter variations.
Montgomery, et al. 4 used scanning electron microscopy to
qualitatively probe the degree mixing. However, this only provides
a two-dimensional representation of the mixing. Due to the
significant impact of the degree of mixing on the consistency of
the burning rate, it is a research area worthy of more attention.

Ignition sensitivity. Pyrotechnic time delay compositions,
can be ignited by various external stimuli. Examples include static
electricity, electromagnetic fields, friction, heat impact [8, 122].
When designing pyrotechnic mixtures the susceptibility to
unwanted initiation should be kept in mind as the process of
mixing assembling, transporting and implementing the
pyrotechnic device can potentially expose the composition to
various such stimuli [8, 122]. A balance however needs to be
maintained between insensitivity and the ignitibility for the
proposed application. A time delay composition in a mine
detonator should be able to be ignited by the shock tube or by a
starter composition that transfers the impulse from the shock tube
to the delay element [20, 73c]. The shock tube initiates the time
delay composition via heat provided by means of convection and
conduction due to hot combustion gasses and particulate material
leaving the end of the shock tube [13]. For this reason it is
important to characterize the thermal stability of the components.
Pre-ignition phenomenon such as phase changes of individual
components and decomposition kinetics as well as ignition
temperatures of the compositions are investigated utilizing the
thermal analysis techniques mentioned earlier. Combining these
methods allows for development of systems that are safe to
handle.
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Lasers are widely used to ignite energetic materials for
research purposes. Laser provides another method for
determining ignition sensitivity and, more specifically, the time to
ignition [46]. The ignitibility of a composition by means of a laser
is influenced by various factors which include the confinement,
optical and thermal properties of the composition as well those of
the laser [152]. Various types of lasers are used in these tests
such as Ar-ion (A = 500 nm), diode lasers (A = 784 nm) [152b,
152c] and CO; lasers (A = 10.6 pm) [8, 46, 153]. Determining the
time to ignition at a constant power flux provides useful
information regarding the sensitivity of samples. An example of
this is comparing the effect that particle size and stoichiometry
has on the ignition sensitivity of compacted compositions [46, 153].

Youichi et al. [145b] studied the thermal reactivity and
sensitivity of Bi,O3; as oxidant with aluminum (Al), magnalium
(MgAll), boron (B), ferrosilicon (FeSi), and silicon (Si) as fuels.
Thermal analysis, ignition temperature test, and burning test were
carried out to examine the thermal reactivity of these mixed
systems. The thermal reactivity was not affected by the mixing
ratio but ignition energy and the minimum ignition temperature
correlated positively with the thermal conductivity of the fuels.

Sensitivity testing (friction, impact & ESD). A key aspect
in pyrotechnics composition design, is the sensitivity of the
material to accidental external stimuli. The stimuli can be
classified as mechanical stimuli (impact and friction) or
electrostatic discharge (ESD) [105]. Other authors include
thermal sensitivity among the stimuli [15]. Knowledge of the
sensitivity of pyrotechnic compositions to these stimuli is
important when processing, handling and transporting the
compositions. A range of specialized characterization equipment
has been developed and these are used following standardized
procedures. Tichapondwa et al. [18] evaluated the sensitivity of
Si/BaSO, and Si/CaSO, formulations, both were classified as
insensitive towards impact, friction and ESD stimuli. In the case
of ESD stimuli, the insensitivity is based on the approximate
maximum ESD energy developed by the average person at 200
pF and 25 kV which is approximately 60 mJ [154]. It should be
noted that humans are capable of acting as conduits passing
higher ESD energy from other objects.

Czajka et al. [44] studied the ignition sensitivity of a Zr-
BaCrO, mixture and Fe-KCIO4 mixtures. In the latter case the
performance of iron powders obtained by different synthesis
routes (atomization, iron carbonyl decomposition, electrolysis and
reduction of an iron(ll) compound) were compared. Major
differences were observed in electrostatic discharge sensitivity
tests. The required spark energy ranged from 0.08 to 14.2 J for
the iron-based composition while it was 0.82 for the zirconium as
fuel. The differences were attributed to differences in the nature
of the oxides present on the surfaces of the iron particles.

Impact, friction, and electrostatic discharge tests have
shown that the B,C/NalO4/PTFE [4] and the Mn/MnO; [114] delay
systems are insensitive to unintended ignition.

Burning rate measurement approaches. Several
techniques have been developed to measure the burning rates of
pyrotechnic delay elements. The first technique that employed a
complete detonator was developed by J. T. Hedger [73]b in which
a trigger started the timer as the detonator is initiated via an
electric firing device. The timer was then stopped by the signal
from a photoelectric cell when the reaction reached the end of the
detonator. This method is still employed in commercial application
with the only change being the start of the timer via shock tube
ignition. Tichapondwa et al. [19] provided a detailed description of
this method. This method being simple to set up and relatively
inexpensive, it is also used widely in laboratories for testing delay
elements on their own [42, 73a, 155]. In another variation of this
method, the timer is started via a sound sensor which is activated



by the explosive noise emitted by the shock tube [20, 26]. Further
variations of this method includes replacing the optical sensor with
a thermocouple or using two optical sensors for the starting and
ending condition [20, 127]. The use of optical sensors, however
requires the delay element to be open-ended, which reduces the
level of confinement in the delay element. The effect of open-
ended burning has not been quantified adequately and could lead
to some inconsistencies. The use of a high-speed cameras to
measure the burning rates of luminescent pyrotechnic delay
compositions have also been used [85]. This method is, however,
limited to composition is pressed inside high-temperature
resistant and transparent holders, e.g. a quartz tube. Another
method extensively applied in laboratories is the use of two
thermocouples to measure the temperature rise inside the delay
element [73c, 149, 156]. The instant rise in temperature measured
is then used to discern the position of the combustion wave at a
specific instance in time. The temperature profiles recorded in this
way can also be used to some extent to fit kinetic profile data
[156a, 157]. The results are, however, significantly influenced by
the size and type of thermocouples that are used. If the
thermocouples are too large or the response is time too slow, the
burning rates obtained are significantly slower than those
measured using other methods [147]. Infrared cameras can also
be used to measure the temperature profile development on the
outside of the delay elements in real time [142b, 147]. This
method is limited to application on delay elements constructed
from tube materials with high thermal conductivities, as the heat
has to transfer through the tube wall before it is detected by the
infrared camera. Each measurement technique has its own
limitations and problems. The need for an inexpensive, accurate
and safe measurement technique, that can be used to gather
continuous burning rate information, remains.

11. Computer modelling

11.1 Modelling thermochemistry

A new pyrotechnic system must be able to produce a specified
effect for a given time within defined spatial constraints. Ensuring
that these objectives are met is often difficult, time-consuming and
costly, especially when the constraints are new and untried [101].
It is therefore important to be able to ‘design’ a pyrotechnic
composition with the minimum amount of experimentation. To aid
the designer, the application of computer programs is becoming
more popular. These programs are capable of calculating the
reaction products and their compositions, together with the
thermodynamic properties of pyrotechnic formulations [15, 158].
The use of simulations also aids interpretation of other analysis
techniques when investigating the reaction mechanism for a given
composition.

Thermodynamic codes generally work on the principle of
finding the chemical equilibrium compaosition, from the given
reactants, by minimization of the Gibbs free energy. A number of
pyrotechnics thermodynamics codes have been developed.
However, the reliability of the results remains an issue [158].
Some of the more common include the ICT code, the EKVI code,
NASA CEA, Cheetah, HSC, PROPEP and Factsage [158-159].
Most of these thermodynamic models are not well suited for
pyrotechnic compositions that produce a relatively high proportion
of solid species upon combustion as they tend to fail to converge
to the true equilibrium solutions [158]. The EKVI code is less
prone to this but it has a smaller database. However, Factsage
has become more popular for delay modelling applications [159b].
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11.2. Numerical modelling of burning rates

One of the first transient models, corresponding to a one-
dimensional energy balance over a delay element, was proposed
by Beck et al. [14]. The model is based on the assumption that
the reaction propagates in the lateral direction only and that there
is a single source of heat generation with a planar waveform
propagating forward. The model did not include any mass transfer
effects. Various researchers have developed numerical models
similar to this, with some changes in the simplifying assumptions
[53, 71, 142a, 149, 155-156, 157, 160]. One of the main problems
experienced, when applying numerical models in pyrotechnics, is
the highly non-linear rate at which the exothermic reaction heat is
generated. Consequently, the governing differential equations are
very stiff in both time and length [160j]. This causes difficulties
with respect to convergence to the correct solutions and it also
requires a significant computational power to solve. An interesting
simplifying approach, designed to deal with these problems,
involves linearization of the governing equations [53, 149, 156a,
157].

The numerical initiation of the pyrotechnic reaction presents
another obstacle that needs to be overcome. One solution is to
simulate pressing a hot plate being against the ignition side of the
delay element [160e, 160f]. However, the thermal resistance
between the plate and the element leads to slight delays in ignition.
Another approach, that has been implemented with great success,
is to apply a heat pulse to the end of the delay composition [160d].

The chief problem is that the models are dependent upon
the assumed, but unknown, reaction kinetics. Satisfactory solid
state pyrotechnic reaction kinetics are not yet available as
required detail understanding is lacking. Apparent kinetics
expression must therefore be informed from experimental data.
The reaction temperatures are most commonly measured using
thermocouples and recently also by infrared camera [53, 142b,
147]. Nevertheless, successful implementation of reliable
numerical simulation of pyrotechnic delay element behavior will in
the end provide important advantages. It will reduce the
development time and cost as well as the risk associated with
performing extensive experimental evaluations. Simulations allow
facile control of variables to predict outcomes, something that is
often difficult to do during real experimental evaluations. It is
expected that over the next decade there will be a significant
increase in the application of numerical models in this field as
computing power keeps on increasing exponentially and
understanding grows.

12. Concluding remarks

Significant progress has been made toward the development of
‘green’ delay compositions. Mining and military applications may
differ with respect to the need for gasless compositions. ‘Green’
gassy compositions, suitable for military pyrotechnic-based
munitions, were successfully developed [4, 104b] Mining
detonator delay systems are required to provide time delays
ranging from milliseconds to several seconds. This need can be
satisfied by an appropriate set of fast-, medium- and slow-burning
compositions. Much progress has been made in the development
of slow ‘green’ gasless compositions, e.g. B/Fe,0O3 [25], W/MnO
[28], and Si/CaS04 [19]. Mn/MnO; [26, 114] and Si/Bi,O3 [20] offer
‘green’ medium-slow and medium-fast burning options
respectively. Missing is a ‘green’ delay composition that can
compete with the burning rates offered by the Si/PbsO, system.
Nanothermites are a possibility as they can achieve extremely fast



burning rates [45, 161] but the high temperatures generated may
pose containment problems in detonator assemblies.

While nanothermites typically release a much of heat when
they react, the fastest combustion velocities are obtained with
loose powders. They burn far slower when they are compressed.
It might be possible to find a compromise with the loose
nanothermite powder just pressed sufficiently to form a cohesive
material. If this corresponds to a low fraction of its TMD it means
that the metallic tube will only be partially filled with the highly
energetic material. In this way excessive heating of the delay
composition can be avoided and the nanothermite could be the
ideal delay compositions for very short times (in the range from
Us to ms). In this regard it should be mentioned that there are
indeed nanothermites compositions that show high combustion
rates but that generate little to no gas, e.g. the AI/NiO system
[162].

Fast burning rates are also possible even with micron-sized
thermites. For example, fast burning rates, reaching 655 mm s,
were achieved in micron-sized Al/CuO thermite activated by a
small amount of Si/Bi,O3 [106]. However, the high temperatures
generated made it necessary to use steel tubes in place of the
conventional aluminum tubing.

In the authors’ opinion, future advances can be expected
with the implementation of intermetallics. So far only one system
(Ti/C-3Ni/Al), utilizing reagents that react to form an intermetallic
compound, has demonstrated potential as a delay composition
[27]. Particularly promising research avenues are suggested by
the advances that have been made in the production of
intermetallic particles, in which the reactive components are in
intimate contact. This includes fully dense particle preparation
mechanochemically via arrested milling [45] or by creating
reactive multilayer powder particles by milling previously cold-
rolled stacks of alternating multilayer laminate sheets [129b]. A
problem, apparently experienced with attempts to implement
intermetallic-based systems in actual detonator trains, are
difficulties experienced with reliable transfer of the pyrotechnic
impulse to the primary explosive. However, it is anticipated that
this problem might be overcome by suitable combinations of
intermetallics with thermites. This could simultaneously solve the
problem of the excessive temperatures developed by thermite-
based systems. A hint that this may indeed be possible, is offered
by the fact that sustained combustion wave propagation was
achieved by adding the thermite couple composed of 2AlI/WO; to
the W-Si reaction system [163].

With respect to modeling, progress will depend on the
development of improved models for the temperature and
conversion dependence of the chemical reaction in compacted
particle beds.

As far as processing is concerned, manufacturing safety
and efficiency was much improved by changing from powder
mixing to water-based slurry mixing followed by spray drying. This
yields spherical particles with good flow properties that facilitated
press-filling of the powder. It is anticipated that in future it will be
possible to mass produce delay fuse, whether gassy or not, by
polymer extrusion technology. In this regard, suitable
compositions based on fluoropolymers need to be developed.
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