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Abstract: The effect of metal and metal compounds commonly used in pyrotechnics on visible aerosol development at high
relative humidity has been investigated in combustion experiments using a combustion chamber. Ammonium perchlorate/
hydroxyl-terminated polybutadiene as oxidant/fuel system allowed aerosols generated from the additives to be observed in
the absence of particles generated from the base composite. For magnesium and magnalium and all flame coloring agents
except barium nitrate, light extinction measurements at 80% relative humidity were found to be proportional to the mass
concentration of hygroscopic metal compound particles which are formed at high temperatures from metal chloride or
metal vapors during combustion. Low visible aerosol development under humid conditions was observed for aluminium and
titanium which have higher boiling points than magnesium and do not readily vaporize during combustion, as well as for
barium nitrate which forms too small hygroscopic barium chloride particles and iron(1i1) oxide which, because of its low
boiling point, forms coarser iron(1ir) chloride particles at lower temperatures.

1. Introduction

The use of metal compounds and metal powders is essential
for flame coloration and the generation of spark effects in
pyrotechnics. Together with combustion products from the
pyrotechnic composition base components their reaction
products are found in emissions of very fine aerosol (smoke)
particles in the range of a few hundred nm.!® The particles
consist of solid metal chlorides or oxides which can act
as condensation nuclei for HCl and H,O vapor*® emitted
by the pyrotechnic composition. Though such particles
scatter light only weakly at their initial size, they produce
visually opaque aerosols”® when they grow in size, reaching
a maximum in light scattering efficiency at around 1 pm
for visible light (~500 nm), if number concentrations are
conserved.”!?

Metal powders of various particle size and type find use in
gold to silvery-white light, flash, sparkle and tail effects.
These light effects are based on continuous spectrum
emissions of high temperature particles.!" Practical safety
and combustion performance limit the common metal types
to aluminium (Al), magnesium (Mg), magnalium (Mg-
Al i.e., ~50% alloy of Mg and Al) and titanium (Ti). For
colored flames of green, blue, yellow and red, respectively,
as well as their mixtures, only compounds of barium, copper,
sodium and strontium are commonly used in pyrotechnic
compositions. These metals generally need to form volatile

chlorides during combustion to exhibit colored emission
lines.!!? Because chlorides of these metals are hygroscopic,
they cannot be directly used as additives in pyrotechnic
compositions. Therefore the necessary metals are added as
compounds which are decomposed and converted to metal
chlorides during combustion. The necessary amount of
chloride is generally provided by a dedicated chlorine donor
compound or hydrochloric acid produced by the oxidant
such as ammonium perchlorate (AP). These metal chloride
vapors produce fine aerosol particles at high number
concentrations when the exhaust gas is rapidly diluted and
cooled to ambient temperatures.

AP, despite its good performance in producing colored
flames, is less common in firework compositions. It also
corresponds to oxidant/fuel (binder) systems in pyrotechnics
due to the recent desire to reduce solid residue fallout. It
finds heavy use in propellants and produces virtually no solid
ashes or aerosols under dry conditions in contrast to oxidants
based on the more common potassium salts."" Though its
relatively high excess of HCI emissions is known to produce
visible aerosols under high humidity, combustion chamber
experiments have shown in previous work that the effect is
limited to relative humidity (RH) higher than 85%." The
effect of additive metals and metal compounds on visible
aerosol generation, particularly at high relative humidity
conditions, was studied in this work by analyzing aerosol
development trends in that combustion chamber.

Article Details
Manuscript Received:- 07/07/2014
Publication Date:-01/11/2014

Article No:- 0106
Final Revisions:- 24/10/2014
Archive Reference:- 1694

Journal of Pyrotechnics, Issue 33, 2014

Page 1



Table 1. Formulations of composites based on ammonium perchlorate/polybutadiene

Main formulation

Flame coloring and sparkling effect additives

HTPB AP Curing agent Compound Effect Additive ratio (%)

Ba(NO,), Green 5-20
CuO Blue 0.5-20
Na,C,0, Yellow 1-20
SrCO, Red 1-10
14.5% 81.9% 3.6% Fe O, Catalyst 2-10
Al Sparks, silver flames 10-30
Mg Flame modifier 5-20
Mg-Al Sparks, white flames 5-30
Ti Sparks 5-30

2. Experimental system, on the other hand, allows aerosol generation induced

. .. and amplified by additive compounds to be observed with

2.1 Pyrotechnic compositions

As oxidant/fuel system with only negligible visible aerosol
over a wide relative humidity (RH) range up to 85% allowing
quick laboratory scale production, ammonium perchlorate
(AP)/hydroxyl-terminated polybutadiene (HTPB) was
chosen. Potassium perchlorate is much more common as an
oxidant in pyrotechnics but is known for producing large
amounts of solid particles including large fallout particles
and fine visible aerosols. Another alternative is potassium
nitrate which, as a chlorine-free system, has little visible
aerosol output but generates less intense light and large
amounts of large particle residue/fallout. The AP/HTPB

Figure 1. Combustion chamber features (front view).
(a) Laser emitter—transmittance sensor assemblies,

(b) combustion platform, (c) sample suction port, (d)
circulation fan and psychrometer; (e) ducts to humidity
control unit.
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little interference from fallout losses or particles generated
by the oxidant/fuel system of the base composite. HTPB
was treated with a curing agent (polymeric methylene
diphenyl diisocyanate) mixed with AP and varying amounts
of additives as shown in Table 1. The composites were then
rolled out as sheets that could easily be cut to appropriate
sample sizes after curing overnight.

2.2 Combustion chamber

A chamber already described in previous work'? consisting
of a cubic steel frame covered with clear acrylic sheets at the
top and three sides, a stainless steel floor and a detachable
soft PVC sheet at the front side was constructed as shown in
Figure 1. Light extinction measurements were provided by
laser sensors (a) (Keyence LX-100, 2 = 670 nm) installed
in the chamber at distances of 77.5 and 10 cm and a flow of
aerosol was transferred to a modified particle size distribution
(PSD) analyzer (HORIBA LA-920) through a pipe (12 mm
i.d.) of stainless steel serving as sample suction port (c).
After initial temperature and humidity conditions were
applied with a humidity controllable type air-conditioning
unit (Apiste PAU300S-HC) connected through ducts (e), the
chamber was sealed. Room temperature was also controlled
by air conditioning to match the temperature setting inside
the chamber. Aerosol opacity which was previously found
to be virtually independent of temperature was set at 20—
30 °C. Samples were placed on a combustion platform (b)
and ignited electrically using a nichrome wire embedded in
a ceramic tube and air in the chamber was mixed using an
electric fan (d) so that a sufficiently homogeneous aerosol
was yielded within about ten seconds after combustion. A
psychrometer composed of two thermocouples was used as
robust humidity sensor. 13

2.3
2.3.1

Theoretical considerations
Chemical equilibrium analysis

Combustion of AP/HTPB composite pyrotechnics can
be interpreted as a two-step process. A premixed flame of
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ammonia with perchloric acid closely coupled with the
sublimation and decomposition of AP and HTPB binder
provides excess oxidizer to form diffusion flames with fuel
fragments released from the binder.'* Though the kinetics
of this process are complex near the surface, especially
if additives have to be taken into account, combustion
products and flame temperatures can roughly be estimated
using chemical equilibrium calculations with the NASA
Chemical Equilibrium with Applications (CEA) program
package" which was extended with thermodynamic data
available online.'® Equilibrium states were analyzed for
a dilution series with air for the slightly oxidant-deficient
composite. The results were visualized as mass fractions
excluding the mass of air additions to track conversion of
all species related to the corresponding metals.

2.3.2  Nucleation, coagulation and growth kinetics

Homogeneous and heterogeneous nucleation mechanisms
both play important roles in aerosol generation from
pyrotechnics. Previous investigations on aerosol size
distributions in the range of some hundred nm'> strongly
support primary particle generation by homogeneous
nucleation. Particle nucleation and growth kinetics have
however not been extensively studied theoretically for
pyrotechnics. Studies on such processes include both
experimental measurements and numerical simulations in
the vicinity of burning coal particles'’ or in turbulent jets's"
of hot gas. A program for solving particle nucleation and
growth problems (Nodal General Dynamic Equation solver;
NGDE)* was extended for calculations of PSDs resulting
from condensation of gaseous metal chlorides when they are
cooled down by dilution with ambient air. Vaporized metal
chloride in hot exhaust from the composite corresponding to
a volume of around 2.5 L at standard conditions is diluted to
a volume of 1 m? following an exponential dilution function
to imitate the dilution process occurring in the combustion
chamber. Particle nucleation, condensation and coagulation
are simulated according to the physical properties vapor
pressure, surface tension and molecular mass of each of the
metal chlorides in liquid state. Trends of mean particle sizes
and number concentrations for different concentrations and
dilution speeds were analyzed.
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Results and discussion

3.1 Analysis of humidity characteristics

Fine aerosol particles are generated at high number
concentrations from metal chloride or metal vapors during
combustion and act as condensation nuclei for H,O and
HCI vapors when cooled to ambient temperatures. At high
relative humidity conditions, they grow to particle sizes up
to diameters of around 1 um within minutes as can be seen
in Figure 2a for an aerosol generated from 2 g of an AP/
HTPB composite with 10% of CuO additive at 89% RH.
Light scattering and absorption processes on such spherical
particles of sizes near the wavelength of light are described in
detail by the Mie theory?' where the corresponding solutions
are obtained from Maxwell’s equations. Light extinction
has been shown previously" to be proportional to sample-
mass and can be normalized as a sample-mass specific
scattering or extinction coefficient o*. In the initial growth
phase (Phase I) driven by condensation of H,O and HCI
vapors, particles gain in light scattering efficiency until light
extinction reaches its maximum at the point indicated by the
dashed line. Although maximum light scattering efficiency
for a single aqueous particle should lie at a diameter of
1.3 um (1.0 pm for A = 500 nm'?) according to Mie theory,
mode diameters of PSDs have only been observed at around
0.6 um at the maximum of light extinction in 670 nm laser
measurements (Figure 2b). Thereafter growth by coagulation
and, if particles grow too large, deposition processes on
the chamber surfaces take over and light extinction starts
to decrease due to loss in particle number-concentration
(Phase II). It was not possible to obtain quantitative data
as number concentrations from PSD measurements in the
current setup, but the continuing growth in size suggests
coagulation as the growth mechanism during Phase II.
Compared to the rising slope b* displays during Phase I,
Phase II can be considered as having only a small influence
on the maximum value of b*. At very dry conditions the
extinction coefficient even reaches a constant value almost
instantly and does not decrease notably within the observed
time span. The maximum value of sample-mass specific
light extinction b* can be extracted for each combustion
experiment as a measure of the aerosol’s obscuring potential.

L 1 »
Dewr ()

Figure 2. a. Change of sample-mass specific extinction coefficient b* and mode diameter of aerosol from AP/HTPB
composites with 10% CuO additive over time; b. PSD measured at maximum light extinction, 4.7 minutes after ignition.
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Figure 3. Humidity dependence of maximum sample-mass
specific extinction coefficient of KP/HTPB base composite
and AP/HTPB composites with 5% of SrCO,, Ba(NO,), and
without additives.

A series of b* measurements can efficiently describe
the humidity characteristics of a test composite. The base
composition of AP/HTPB composites used in this work
produces only negligible amounts of visible aerosol up to
about 80% RH. In Figure 3, b* is plotted against initial
relative humidity. Usage of potassium perchlorate (KP)
would result in a high baseline throughout the whole
humidity range with a sharp increase above 85% RH. Metal
compound additives like SrCO, induce visible aerosol
development from AP/HTPB composites even below 80%
RH. b* increases moderately with rising relative humidity
until it shows a steep rise above 80% RH. Hygroscopic
aerosol particles already form aqueous solutions by
absorbing H,O vapors at lower RH and efficiently scavenge
excess HCI vapors emitted by the composite. The growth
of such particles can be considered as being controlled
mainly by the HCI/H,O system and causes the steep rise in
light scattering efficiency above 80% RH. Visible aerosol
increase can therefore be best extracted at 80% RH where
the effect of metal compound additives is high while aerosol
which may originate from the base composition itself is
negligible. Also, losses due to coagulation and deposition
processes, which would increase with growing particle sizes
at higher RH, can be kept within acceptable limits. Results
for metal powder additives and flame coloring additives
are analyzed separately, because of differences in their
combustion behavior and combustion products involved.
Further Fe,O,, which is often used as catalyst in pyrotechnics
to increase the combustion speed, is discussed together with
the coloring agents.
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3.2 Metal powders

Sparkling effects in pyrotechnics are produced by burning
metal particles which burn at lower combustion rates
than the composite itself. The metal particles are ignited
but not evaporated in the pyrotechnic flame and continue
burning after being ejected into ambient air. The particles’
incandescent light emissions depend on particle temperature
and combustion times which are influenced by metal type and
particle properties such as size and shape. If particles burn
long enough, tail or willow-like effects can be produced.
For some metals, particles can also burst during combustion
(e.g., Ti) and add a crackling effect. Most of the material,
however, remains in the condensed phase during the whole
process and very low levels of smoke have been observed
for composites containing Al and Ti powders compared to
samples containing Mg, as a plot of b*  at 80% RH against
amount of added metal shows in Figure 4.

Mg represents an exception to the combustion mechanism
observed for other metals. Due to its low boiling point of
1363 K, compared to the other metals (Al: 2743 K; Ti:
3560 K), it evaporates within the flame, unless the metal
particles are very large, and can contribute to higher flame
temperatures there. Thus AP/HTPB composites containing
only Mg powder additive do not emit incandescent light
at all, despite the very bright flame burning Mg produces
as bulk material. If solid or liquid particles are present in
the flame, however, a bright high temperature incandescent
flame can be produced (e.g., white stars with Ba(NO,),
or Mg flash-compositions). As a result Mg produces fine
aerosol particles of MgO at high number concentrations
by homogeneous nucleation from the gas phase. These
hygroscopic particles absorb HCI and H,O vapor to form
aqueous solutions of MgCl, and HCI which grow in size,
particularly under high RH. The slope for AP/HTPB with
Mg flattens at high ratios of Mg in Figure 4, due to reduced
emissions of free HCI from a lower proportion of AP/HTPB
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Figure 4. Maximum sample-mass specific extinction
coefficient of AP/HTPB composites with Mg, Mg-Al, Al
and Ti metal powder aditives at 80% RH. Boiling points*
denoted as “b.p.”.
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base composite (in a 2 g sample) and accelerated coagulation
of particles at high aerosol concentrations.

Mg-Al behaves very similar to Mg in respect to visible
aerosol formation, but produces bright white sparks. Clearly
Al is responsible for the metal particles not evaporating
completely during combustion in the composite flame due
to its higher boiling point at 2743 K. Some of the Al seems
to be evaporated, though, as light extinction measurements
suggest. Values of b* are significantly higher than would
account for half the amount of Mg as would be expected
from the proportion of Mg in the alloy. Higher temperatures
of metal-particles resulting from better combustion
performance of Mg-Al compared to Al also support this.
Elemental analysis of aerosol particles should provide
insight into the mechanism of this phenomenon.

Particle emissions of aluminium oxides have been reported
for combustion plumes of solid rocket motors to have
maxima in their PSDs at 0.1 and 2 um.? These particles act as
condensation nuclei for H,O vapor and HCl emissions, which
can be observed as thick white rocket trails. Combustion in
these propellants, however, follows a different temperature
and pressure profile during combustion and uses atomized
aluminium, which has combustion characteristics different
from the aluminium flakes common in firework pyrotechnics.
Aluminium is therefore much more readily vaporized in
those propellants than Al and Ti used as spark effect metals
in pyrotechnics. In the case of magnalium, Al vapors may
be present more abundantly during combustion due to Mg
supporting the combustion and evaporation process of the
metal particles.

33 Flame coloring agents

Flame coloring compounds form volatile metal chlorides
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Figure 5. Maximum sample-mass specific extinction

coefficient of AP/HTPB composites with CuO, SrCO,,
Na,C,0, Ba(NO,), calculated as chlorides formed during
combustion. Deliquescent relative humidity” annotated as

“DRH”. *DRH of CuCl,*
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(BaCl,, CuCl, NaCl, SrCl) during combustion, which
produce fine aerosol particles by homogeneous nucleation
during rapid cooling of the exhaust gas. Figure 5 shows
linear plots of b* against metal chloride mass formed per
gram of composite during combustion, which flatten out
at high additive ratios because combustion performance
cannot be sustained by the base composite. Furthermore, all
metal chlorides except BaCl, show the same slope, which
implies that aerosol nucleation and growth processes at
high temperatures (boiling points are 1833, 1763, 1686
and 1523 K, respectively*) immediately after combustion
result in particle number-concentrations proportional to
mass concentrations, even for metal chlorides. Mg from
the previous section would also fit the common slope of
the colorants if it is considered an analogous nucleation
process of MgO from Mg vapor. This suggests that particles
produced by rapid condensation at high temperatures have
the same average masses rather than diameters or volumes
for all compounds. When cooled to ambient temperatures
at high RH, these hygroscopic particles grow by uptake of
HCl and H,0O and become highly efficient in light scattering.

BaCl,, which showed low visible aerosol response, has the
highest deliquescence relative humidity value (91% RH at
20 °C)?” among the tested metal compounds (68%, 73%,
75% RH for CuCl,, SrCl, and NaCl respectively — CuCl is
oxidized and converted to CuCl, by O, and HCI over 50%
RH*). HCI vapor therefore does not condense on BaCl,
particles. Instead, HCl and H,O vapors are absorbed by
heterogeneous nucleation on other hygroscopic particles
present in ambient air. This results in the formation of
large particles at low number concentration analogous
to the base composite without additives. This is observed
over the whole humidity range and is also seen in Figure 3,
where the values of b _of AP/HTPB with 5% of Ba(NO,),
additive only slightly surpass those of the base composite.
For Ba(NO,), additives, PSDs could not be measured in the
current setup, because overall scattering efficiencies were
too low. Weak forward-scattered light of the transmission
lasers has however been observed with the naked eye
through the transparent chamber walls at relatively large
scattering angles up to around 45°, suggesting particles
sized in the range of a few hundred nm.

Fe,O,, which catalyzes decomposition of the HTPB binder
during combustion, is converted to gaseous FeCl,, and
has a much lower boiling point of 553-589 K because of
its molecular structure and ability to form dimers. It will
therefore stay gaseous longer than chlorides from coloring
agents. Although FeCl, is very hygroscopic, its presence
does not increase light extinction noticeably. In Figure 5, its
plot rises only marginally to 0.07 at its maximum addition
ratio of 10%. It can be therefore said that FeCl, will only
form aerosol particles at much lower concentrations than
compounds condensing at high temperatures if at all. A plot
of b* over humidity is practically indistinguishable from
plots of aerosol produced by the base composite. Under very
high RH of over 90%, aerosol particles grow large enough
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for a faint brownish coloration from dissolved FeCl3 to be
observed.

When excessive amounts of additive are used, combustion
performance (combustion speed) of the composite is
degraded and aerosol opacity does not further increase
linearly, because reduction of particle number-concentrations
by coagulation effects is accelerated and energy output of
the base composite is not sufficient to support complete
reaction and vaporization of the metal compounds or even
stable combustion. For Na,C,O, the negative effect of its
endothermic decomposition reaction appears most distinctly
at additions as low as 10% (0.08 as NaCl in Figure 5), while
for the same amounts of SrCO, (0.09 as SrCl,) and CuO
(0.11 as CuCl) b*  at 80% RH deviates only slightly
from the linear trend. Also, color quality can be reduced
by continuous spectrum emissions (condensed phase) or
emission spectra (vapors) of interfering by-products, if too
much additive is used. Additive ratios for a pyrotechnic
composite therefore have to be optimized for each additive.

34 Chemical equilibrium and particle nucleation
calculations

All metal compounds used as coloring agents are
transformed to their metal chlorides according to chemical
equilibrium calculations and exist only in the gas phase at
adiabatic combustion temperatures. Figure 6 shows the main
species containing the respective metal in the case of SrCO,
as additive. Dilution with ambient air first causes further
increase in temperature, because combustion of the oxygen
deficient composite can progress. Further dilution, however,
cools the mixture and at around 1100 °C after 5-fold dilution
the first condensed-phase species of liquid SrC1 (L) appears,
which subsequently transforms to solid phases of SrCl,(b)
and SrCl(a) representing high-temperature superionic
and low-temperature phases® of a cubic fluorite crystal-
structure, respectively. Analogous formation of condensed
phase metal chlorides from their vapors has been obtained
as a result for all coloring agents. Only CuO shows the
peculiarity of forming Cu metal vapor (which in experiments

S p—— T

— SRR} = - =SrCL2(a)

can be condensed as metal on cold surfaces held into the
flame) before condensation as CuCl. Rapid cooling of those
gaseous species by turbulent mixing lead to supersaturated
conditions at high temperatures of over 1000 °C under which
particles are formed by a homogeneous nucleation process.

Except Mg which at least partly forms metal Mg and MgCl,
vapors before condensing as MgO, metals used for spark
effects only form their oxides in liquid state. Mg follows
the same scheme as the coloring agents with the difference
of MgO forming from Mg or MgCl, vapor. When plotted
against MgO mass the slope of b* also concords with
the metal chlorides. Other metals’ actual combustion
processes may not be sufficiently reproduced with chemical
equilibrium calculations, but results showing only little
aerosol formation support a combustion mechanism with
minimal nucleation from the gas phase.

Particle nucleation, growth by condensation of monomers
and coagulation processes of vaporized metal chlorides
could be described by solving the General Dynamic
Equation with the available software.*® The model results
in smaller particles and higher number concentrations at
higher dilution (and consequently cooling) rates. Dilution
rates were chosen so that exponential dilution of exhaust gas
from the combustion to the chamber volume of 1 m* would
be complete in 0.0008 to 8 seconds. For all calculations
an increase in metal chloride concentration formed from
the additive compound would form significantly larger
particles as Figure 7 shows for the case of SrCO,. Number
concentrations show therefore a decreasing trend with mass
concentration of introduced metal chloride. This contradicts
the trends observed for light extinction properties of the
aerosol, which would suggest equally sized particles
regardless of concentration. It is an indication of too many
assumptions having been made in this application of
the simple model beginning at the dilution rates and also
including the particle growth and coagulation model itself,
which assumes liquid particles, although temperatures
approach or even fall below the melting points during the
particle growth processes.

— — T,t

Figure 6. Equilibrium calculation results for AP/HTPB with 5% SrCQO, additive and dilution with air. Mass fractions

exclude mass added by dilution air.
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Figure 7. Simulation results modeling particle nucleation, growth and coagulation during dilution of vaporized SrClI,

with ambient air within about 0.08 seconds.

Conclusion

Promotion of visible aerosol development by common
additive metals (Mg, Al, magnalium, Ti) and flame coloring
metal compounds (Na,C,0,, CuO, SrCO,, Ba(NO,),) after
combustion of pyrotechnic compositions based on the
low-smoke oxidant/fuel system of ammonium perchlorate/
hydroxyl-terminated polybutadiene has been confirmed
at high relative humidity above around 80%. With the
exception of Al and Ti metal powders for sparkling effects
and Ba(NO,), for green flames, which produce only
minimal visible aerosols, light extinction has been found to
increase proportionally with the mass concentration of the
corresponding metal chloride (CuCl, NaCl, SrCl)) or metal
oxide (MgO) emissions. Fine aerosol particles are produced
through homogeneous nucleation during the combustion
process and act as condensation nuclei for HCI produced
during combustion and H,O vapors present in ambient air
after dilution. Growth of these particles to highly opaque
aerosols occurs distinctly at relative humidity above 80%.
For low smoke pyrotechnics producing only little visible
smoke even under high relative humidity, Al and Ti are
found to be effective spark-generating metals, while from
the available coloring agents only Ba (green) is found to be
unaffected by humidity. Under RH above 80%, use of Mg
and magnalium should be avoided and replaced by Al and
Ti as much as possible. Use of flame-coloring compounds
of Cu (blue), Na (yellow) and Sr (red) produce thickening
smoke at high humidity and needs to be minimized contrary
to Ba (green) which does not increase smoke production.
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