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Chapter 1

1. Introduction

1.1 History and Classification of Energetic Materials

Every year on the 10" of December, a small number of pioneers are awarded the Nobel Prize in
Stockholm (Sweden) for their outstanding life time achievements on their respective area. Since
1901, this annually announced prize is closely linked to the founder Alfred Nobel. For those, who are
interested in the area of energetic or explosive materials, his name is a synonym for one of the
world’s most famous explosive composition, the so-called dynamite. But it was by far not the first
commercial available material. According to Conkling and Mocella, “black powder granules are the
first commercial energetic material and have remained an article of commerce for over one
thousand years. This unique blend of potassium nitrate (saltpeter), charcoal, and sulfur (brimstone)
has served as an explosive, a propellant, and a component in pyrotechnic devices such as safety fuse
and squibs.”™™ Upon combustion of blackpowder, hot gasses and particles are produced which are
able to accelerate e.g. projectiles or are applied for “smooth” cutting off of marble and granite in the
mining industry.’”) Nowadays, formulations containing either sodium nitrate or missing sulfur might
also be assigned to the family of black powder. Even though black powder was already discovered in
ancient China around 220 B.C., it was Roger Bacon to became the first person in Europe to study
gunpowder.Bl For centuries, it should be the only commercially available explosive. In the 19t
century, the number of new explosives in Europe increased with the discovery of nitrocellulose (NC),

nitroglycerin (NG) and 2,4,6-trinitrotoluene (TNT) to name only a few.
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Figure 1. Nitroglycerine (NG), nitrocellulose (NC) and trinitrotoluene (TNT).

Finally in 1867, Alfred Nobel patented the NG-based dynamite (75% NG, 25% Kieselgur) providing a

reliable and safer method for handling NG. The improved safety aspect facilitated the wide
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application also in mining and tunnelling, which made NG-based dynamite the second commercially
successful explosive.’! With the increasing number of existing energetic materials and to some
extent fundamentally different behaviour, there was an urgent need for a more precise
categorization. A basic differentiation suggested by Klapotke, reveals four different main branches

(Figure 2): primary explosives, secondary or high explosives, propellants, and pyrotechnics.3"!

rocket gun
propellants propellants

1.
|

propellants

primary
explosives

secondary
explosives

energetic
materials

pyrotechnics

J I
reaction @

products
Figure 2. Classification of energetic materials; encircled topics were studied in this thesis.

Primary Explosives: Primary explosives show a fast deflagration-to-detonation-transition (DDT) and
can easily be initiated by external stimuli such as heat, friction, impact, electric spark or light
radiation.®! The resulting shock wave is able to initiate a second, main explosive charge. For this
reason, primary explosives are for example applied in detonators. As a rule of thumb, the explosive
performance (mainly the heat of explosion Q, detonation pressure p, detonation velocity D) is lower
compared to secondary explosives. Typical representatives of this compound class are lead azide
Pb(Ns3); and lead styphnate (LS). Lead-free and therefore assumed environmentally benign
alternatives are diazodinitrophenol (DDNP), copper(l) 5-nitrotetrazolate (DBX-1) and the recently

reported potassium 1,1'-dinitramino-5,5'-bistetrazolate (K, DNABT).[3 6]
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Figure 3. Selected primary explosives.

Secondary Explosives: In contrast to primary explosives, this compound class is ideally less sensitive
towards external stimuli and therefore safer to handle from a practical point of view. At the same
time, the explosive performance is usually significantly higher compared to primary explosives.
Serving as the main charge in explosive devices, they predominantly rely on the initiation
capabilities of primary explosives. Depending on their application purpose, different properties such
as a high decomposition temperature or moderate melting temperature are favoured. Traditional
representatives of this compound class are TNT, 1,3,5-triamino-2,4,6-trinitrobenzene (TATB),
octogen (HMX), hexogen (RDX), and 2,2'4,4'6,6'-hexanitrostilbene (HNS).”! More recent
compounds include bis(hydroxylammonium) 5,5' bis-(tetrazolate-1N-oxide) (TKX-50) and 5-nitro-

1,2,4-triazol-3-one (NTO).®
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Figure 4. Selected secondary explosives.
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Propellants: Propellants produce large quantities of hot gases to accelerate projectiles, missiles or
rockets. In contrast to primary and secondary explosives, the burning behaviour is characterized by
a controlled burn-off or deflagration. A detonation is not intended and would result in an immediate
destruction of the rocket. Depending on their application purposes, the class of propellants may be
classified into gun and rocket propellants. Rocket propellants can be further subclassified into solid
and liquid propellants with their adherent subgroups. The specific impulse /s, is one of the key
parameters of rocket propellants and describes the effectiveness of the applied propellant system.
For example, the applied composite propellant system in the European Ariane 5 rocket consists of
ammonium perchlorate (AP), aluminium, hydroxyl terminated polybutadiene (HTPB) and additives
achieving an Is, of 262 5.1 Current research goals are for example the application of nano-Al and the
replacement of AP by more environmentally benign alternatives such as ammonium dinitramide

(ADN).

Pyrotechnics: The group of pyrotechnics can be divided into different sections regarding their
observed effect such as light, sound, smoke, heat and specific product-generating pyrotechnics.[*2 19
In contrast to secondary explosives such as TNT, the redox pair (oxidizer and reducing agent/nitro
groups and carbon backbone) in pyrotechnics is usually not combined in one molecule. Typically a
mixture of several solid compounds, in detail a separated oxidizer, reducing agent (= fuel), and
various other additives, is applied to give the desired pyrotechnical effect. The redox reaction itself
is self-sustaining and in most cases does not rely on an external oxygen supply. Since most of the
redox reactions in pyrotechnical systems take place in the solid state, the homogeneity of the
mixture is crucial for the performance. According to Conkling and Mocella, a more homogenous
composition should enhance the reactivity and might as well enhance its sensitivity.*2 The nature of
a mixture itself provides a high diversity and endless modification options. Pyrotechnical
formulations may consist of 2—7 or even more ingredients. There are numerous variables which
affect the actual performance such as the particle size, humidity, homogeneity, surface area,
thermal conductivity, outside container material for actual devices, loading pressure and degree of
confinement.!*? Since most compositions are designed for a specific purpose, the reproducibility is
the most important part and also the biggest issue. Small deviations may result in too short burn

times of illuminant signals. As a consequence, these mixtures or devices would not fulfil the
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requirements of their respective application anymore. An example for a life-threatening deviation
involving fatal consequences would be too short delay times in hand grenades. A more detailed view

of the pyrotechnical subgroups is given in the following section 1.2.

1.2 Classification of Pyrotechnics

Since it is usually not a single component which creates the observed pyrotechnical effect, but a
formulation of different compounds and various other parameters (sample preparation, humidity,

and grain sizes to name only a few), the following classification focuses on the resulting phenomena.

1.2.1 Product-Generating Pyrotechnics

Whereas most pyrotechnic compositions produce a vast mixture of different combustion products,
there is a smaller number of pyrotechnical exothermic reactions producing pure metals or
compounds, alloys, or specific gases, so Ellern.’® An example of a pyrotechnic composition

producing solid materials is the thermite process.

2 Al + Fe;03— Al;,03 + 2 Fe, ArH = -851 kJ mol™ (1)ty

The general procedure, also referred to as an alumino-thermic process, was patented by
Goldschmidt and provides access to numerous amounts of metals such as chromium, manganese
and cobalt.?! In detail, the metal oxides are mixed with magnesium or aluminium; after starting the
self-sustaining reaction, aluminium oxide and the corresponding metals are produced. Until today,
this process is applied for thermite welding and cutting of rails.3) Gas-producing compositions
yielding pure oxygen are referred to as so-called oxygen candles. The application area covers the
emergency oxygen system in the International Space Station (ISS), submarines as well as

airplanes.l4

2 NaClO3 — 2 NaCl + 3 0;, AgH = -28 k) mol™ (2)R
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Upon thermal decomposition of sodium chlorate which serves as the oxygen source, sodium
chloride and oxygen are produced. Catalytic agents, like iron powder, barium peroxide as well as
glass powder and fibers, are added.l*® 1 The big advantage compared to liquefied or compressed
gases is the relatively small volume and at the same time higher weight of released gases. Serious
disadvantages like the high temperature of the delivered gas, the heating of the canister and the
contamination of the gas stream by other combustion products have to be addressed properly to
prevent accidental fires.!%! Besides that, the most prominent example for gas generators is the

application of NTO in vehicle airbags.*®!

1.2.2 Sound-Producing Pyrotechnics

The two basic audible effects produced by pyrotechnic formulations especially designed for sound
generation are a loud noise (firecracker) or a whistling sound (in selected rockets or fountains).!?
So-called flash powder compositions generate a bright light flash followed by a loud explosive noise.
Black powder under strong confinement also produces a loud noise but does not display a bright
light emission. In general, flash formulations consist of at least one oxidizer (potassium perchlorate,
potassium chlorate or barium nitrate), fine metal powder (aluminium, magnesium or magnalium)

with a grain size smaller than 53 um and sometimes, additional fuels (Table 1).

Table 1. Selected flash formulations.

Flash compositions!*? wt%
KClOa Sb,Ss3 Mg Al S
Military simulator 50.0 33.0 17.0 - -
M-80 firecracker for military training 64.0 35 - 22.5 10.0

As a result of the small metal particle size, the sensitivity towards mechanical stimuli increases
making those highly energetic compositions very difficult to handle. Some additives such as Sb,Sz are
also known to promote the detonation inclination in chlorate and perchlorate-containing flash
formulations.[*”! To prevent bigger accidents around New Year’s Eve, the net weight of “explosive
mass” in German firecrackers (category 2 fireworks, minimum age 18 years of the buyer) is limited

to 6 g of blackpowder per firecracker; flash formulations are forbidden for private consumers. 8
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Table 2. Selected whistle compositions.

Whistle compositions!*”] wt%
KClO4 Potassium benzoate Sodium salicylate
A 70.0 30.0 -
75.0 - 25.0

The whistling sound is produced by firmly pressed binary composition applying potassium
perchlorate and potassium benzoate as oxidizer-fuel pair (Table 2).2” 1 Only a few other
formulations showing the same effect are known and the general knowledge is far from
understanding the underlying phenomena.®® According to Whelan and Elischer, the whistling sound
should result from rapid, periodic variations in very fast competing chemical reactions.**! However,
these conditions are not unique to whistling formulations. As a consequence, research efforts in the
past focused on applying a third compound to tailor the acoustic output as well as the burn rate of
the known whistling compositions.[?”! Despite the non-understanding of the mechanism, this type of
formulation has found a wide application in civilian fireworks as well as simulating sounds in military

practice (e.g. Ml 19 Whistling Booby Trap Simulator).!*# 10

1.2.3 Smoke-Generating Pyrotechnics

A brief introduction to smoke formulations, both obscurants (= white smoke for deception

purposes) and coloured smoke, is given in the corresponding papers in chapter 3.

1.2.4 Heat-Producing Pyrotechnics

The exothermic energy released by heat producing pyrotechnics is usually applied to produce
colour, smoke or noise. In this chapter, the heat itself will be the topic. A pyrotechnical delay
element is favoured if a safety time interval between deployment and start of the reaction is needed
like the detonation of hand grenades.?! The shape of such a device is typically like a column (Figure
5). Ignited on only one side, the reaction front travels to the other end of the column providing a
time range of several ms—s cm™ of the column and actually transfers the heat to a propellant or

explosive charge.!'# 10 22]
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Percussion
Primer

Burning Tube

Front Free
Space

\Y
-y
= B
t E Pressed
1,‘ 3 delay —1— .
: H composition
Combustion Pre-ignition Unreacted _ Metal
Product Zone Consolidated “” tube
Zone Composition
Closure
seal ST

Figure 5. Schematic burning of the ignited delay composition within the tube (left) and delay element scheme

(right).[29

Within the delay systems, a general distinction is made between gassy and gasless delay systems
(Table 3).2% Gassy delay systems such as black powder produce a large volume of gaseous
combustion products. Contrary, gasless systems typically of the thermite type generate no
significant amount of gas volume.!? Due to the high temperature, certain metal oxides might be
vaporized even in thermite composition, but recondensate fast and allow the sealing in a closed
compartment.?!l This fact has to be considered, since the delay time shows a high-pressure
dependency. An increase in pressure leads to an increased burn rate and further, will result in
shorter delay times.?Y For this reason, black powder delays require a ventilation system to provide
reliable delay times. For other applications, it might be possible to pack the delay column in a

pressure canister, which withstands high pressure as well as vacuum at high altitudes.?"

Table 3. Selected delay compositions.

Delay compositions Y wt%

Mn BaCrO, PbCrO, MnO, B4C NalOg4 PTFE

Gassy!?) - - - - 17.5 72.5 10.0
Gasless?! 40.0 - - 60.0 - - -
Self-sealing!?! 34.0 30.0 36.0 - - - -
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A special type of delay systems is the so-called “self-sealing” type which produces a quick solidifying
slack. According to Wilson and Hancox, the slack is impermeable to gas flow and isolates the burning
front from external factors affecting the burn rate.?!l This specific property makes it suitable for
underwater applications. In times of cheap electronic timing systems, the application of
pyrotechnical delay systems could be mistaken as out-of-date. In fact, the application until today is
justified by the simplicity, a high degree of inherent safety, reliability, and ruggedness.'® 251 A power
source is not needed, for hand-held devices, a friction-igniter activated by mechanical friction may
be applied. Typically, the heat transfer within a pyrotechnical system is not based on just one unique
heat transfer, but rather on a cascade of several steps until the intended reaction starts afterward.
When it comes to the design of a pyrotechnic system, security issues such as an unintended ignition
has to be prevented, but at the same time, the ignition system has to be reliable. For this reasons,
usually a physical separation (free space) between the igniter (e.g. percussion primer) or first-fire is
applied (Figure 5, right). The igniter is the first source of heat. The heat transfer is achieved by either
hot gases or hot glowing sparks bridging the free space and igniting a propellant or other
pyrotechnical charges. In the case of delay columns or aerial flare systems, the charge may be
additionally coated with a special layer of a pyrotechnical mixture. The ignition surface of charges is
treated with these so-called “primer compositions” to enhance the probability of a successful
ignition, so Kosanke.?Y The heat output occurs in a short time interval, so it does not interfere with
the delay times. The released energy output is higher than the required ignition energy of the main
charges and therefore, guarantees an uniform ignition. Due to their high sensitivity, the amount of
primer material should be smaller in comparison to the main charge. Formulations starting a fire for

destructive or non-destructive purposes are referred to as incendiaries or fire-starting respectively.

1.2.5 Light-Generating Pyrotechnics

The group of light-producing pyrotechnics may be categorized into tracers, strobes, flares,
photoflashes, near-infrared (NIR) and countermeasure munition in decoy flares. A brief introduction
to flare (=constant burning) and strobe (= oscillating burning) formulations is given in the
corresponding papers in chapter 4. Flare formulations are for example applied in illumination

rounds to light up the battlefield and in tracer munitions, at the back of a projectile (Figure 6). The
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burning of a light-generating composition provides an optical trace, which allows the shooter to

follow the flight path based on the ballistic result.

o
)
|

/ N SUNRNAN
NS

3
Figure 6. Scheme of tracer ammunition for small- and medium-calibre weapons. (1 = jacketed tracer projectile; 2 =

bullet; 3 = metal core; 4 = tracer device;, 5 = cavity for the tracer ammunition which is usually pressed in an

additional sleeve).28!

Unfortunately, tracers can be tracked back to the gunner revealing his position. Recent results by
Csernica proposed the application of strobe formulations in tracer ammunition.!?”! The oscillating
flashlight is detected much faster by the human eye in comparison to a constant burning. As a
consequence, the amount of pyrotechnical payload may be reduced. More important, the oscillating
behaviour impedes the detection of the shooter, since no direct line can be drawn back to the gun
muzzle. For best visual detection in day and night time, a green burning formulation based on boron
carbide (B4C) is applied.l?”? Green light is chosen since the human eye’s visual response to light is at

its highest in the green region (Amax = 555 nm).[28!

Photoflash formulations are applied for photographic purposes and should produce a very powerful
illumination for a short duration.??® Typically, potassium perchlorate (KClO4) or barium nitrate
(Ba(NOs);) are used as oxidizers. Fine magnesium, aluminium flakes or fine magnalium (an alloy of
magnesium and aluminium) are the fuels of choice. A combination of photoflash and sound
formulations is applied in so-called stun grenades, such as the “MK13 Mod 0 BTV-EL Sound & Flash
grenade” sold by Rheinmetall.®®) The MK13 grenade generates blinding flashes and deafening noise
levels sufficient to daze and disorientate the target. This non-lethal effect allows security and law

enforcement agencies the application in urban terrain and hostage rescue operations.
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Near-infrared (NIR) illuminants show a characteristic emission in the range of 700-1000 nm and find
application in mostly military clandestine night operations.’!! Potassium as well as caesium nitrate
are the traditional oxidizers, since both not only show the main emission in the NIR region, but also
provide low emission in the visible spectrum (380-780 nm). The standard formulation “Black Nite”
applied by the U.S. Army usually consists of silicon as metallic fuel.??l Additives such as hexamine,
nitrocellulose and binders may be applied as well.B3 A more recent approach by Fischer et al.
investigated the use of high-nitrogen compounds and the potassium or caesium salts thereof in NIR
formulations showing comparable performance.?Y The non-luminous flame and the clear burning

behaviour should contribute to the overall performance.

Decoy flares are a passive countermeasure to lure away heat-seeking missiles.*¥ Upon combustion
of so-called MTV (magnesium, teflon, viton) formulations, magnesium fluoride (l), magnesium (g),
soot and radiation are produced to mimic the plume signature of an airplane and mislead the IR-

seeker of the rocket (Figure 7).13°!
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Figure 7. Comparison of relative magnitude of both MTV and target radiant intensity.%

While older IR seekers possess a single element photoconductive IR detector (a-band = 2-3 um or B-
band = 3-5 um), modern IR seekers, such as applied in the German “IRIS-T Air-to-Air missile”,
evaluate the ratio of intensity B4 between the a- and B-band emission (MTV: B4 = 1.33; true

targets 0.5 < Bq/p < 0.8). Therefore, this seekers can better distinguish between a decoy flare and an
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airplane signature.?®’ A more detailed overview of improved MTV formulations is given by Koch and

Brusnahan.7]

1.3 Motivation and Objectives

Most of nowadays existing pyrotechnical formulations are the results of extensive trial and error
procedure in the past. They are applied to serve their purpose, which ironically does not guarantee
the complete understanding of the underlying mechanisms such as in the case of strobe or whistling
formulations (Table 2).119% 381 As 3 result, some components are historically applied because they are

working the appropriate way.

The growing trend towards safer and more environmentally benign energetic materials, while at the
same time keeping or even improving the existing performance values, is a very challenging
endeavour.3®’ More restrictive environmental regulations create the need for “greener”
replacement of single compounds such as lead azide or even whole formulations (hexachloroethane
based obscurants).*”! Usually no adequate, non-toxic alternative is available yet. As a consequence,
new pyrotechnic formulations can be characterized by a performance-toxicity trade-off. For
example, there is still no suitable chlorine-free oxidizer available to serve as a replacement
candidate for potassium chlorate in low temperature smoke formulations. The toxicity issues arising
from the application of chlorine-containing compounds will be discussed in the following chapters.

In October 2017, the Strategic Environmental Research and Development Program (SERDP) by the
U.S. Department of Defence (DoD) released a “Statement of Need” (SON) program to develop the
next generation of pyrotechnics (SON number.: WPSON-19-C4).* These novel developed
pyrotechnical systems and manufacturing processes should significantly reduce the environmental

impact of pyrotechnics. The outlined specific objectives fit this thesis and are listed below:

e Smoke-producing pyrotechnics: Focus on new dyes and fuels; “tunable” signal flares which

could be used for multi-colour purposes.
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e Light-producing pyrotechnics: Multi-colour signals producing minimal smoke; highly efficient
combustion; high spectral purity/colour quality; reduced amount of metal colourant;
perchlorate-free.

e Minimize production time/cost; reduce multi-step processes/solvent use; reduce solvents
and other wastes in flare manufacturing.

e Higher cost pyrotechnics may be evaluated for speciality applications or smaller hand held

signals.

Typically, the main ingredient in coloured smoke formulations is the dye with an amount of 40—
60 wt%.*?l However, most of the today’s in-service smoke formulations by the U.S. Army still
contain antraquinone based dyes which are known or at least under suspicion to cause cancer.[#2 43l
To find suitable replacement candidates guaranteeing both a satisfying colour impression and
meeting the latest environmental regulations, several green and blue completely antraquinone-free
formulations were developed.*¥ Surprisingly there is no published information about the yield
(produced aerosol compared to the pellet mass) of in-use and literature known coloured smoke
formulations.[**! To study this property, an experimental setup was developed and successfully
applied to investigate this key characteristic. In addition, efforts were undertaken to further improve
the yield of white and coloured smoke formulations by applying 5-amino-1H-tetrazole as additive as
well as main fuel.** %] The metrics of the yield does not distinguish between the occurring
combustion products such as soot, water, dye or burned dye. To obtain more information about the
actually dispersed dye, high pressure liquid chromatography (HPLC) measurements were performed
to quantify the dye present in the aerosol. In this context, the term “transfer rate” was introduced.
Up to now, usually every applied coloured smoke signal requires its own optimized specific
pyrotechnical system resulting in higher number of stored smoke signals. To reduce costs and at the
same time providing a higher degree of safety, so-called fuel mixes were developed as a multi-colour
approach. These pre-mixed formulations are based on the same pyrotechnical system, which is later

combined with the desired dye to produce a variety of colours.

In the case of pyrotechnically disseminated light, the options of emitting species for each desired

colour are limited.!*” 47! Strontium salts are traditionally applied for red illuminating formulations in
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combination with perchlorates or in general chlorine sources to form the metastable emitter
Sr(1)CL.8 The negative health effects of perchlorates and chlorinated combustion products are
literature-known for years.*0* %91 Recently it was shown, that chlorine-free formulations based on
the emitter Sr(I)OH also reveal a good colour performance providing at least a solution to the
chlorine-issue.l*® In contrast to this long time tolerated health issues, a new awareness may arise
dealing with the application of strontium salts in general. According to the U.S. Environmental
Protection Agency (EPA), strontium is potentially dangerous to human health affecting the bone
growth and stability.*® To provide solutions for potential future regulations, several lithium-based
chlorine-free compositions meeting the optical requirements of the U.S. Army for red light
(dominant wavelength = 620+20 nm; spectral purity > 76%) were developed.! In this case, the red
light is emitted by atomic lithium at 670 nm and 610 nm with decreasing intensity.>!! Furthermore, a
pyrotechnical system, which can act either as red flare or red strobe was discovered.®? The change
of the oxidizer lithium nitrate to sodium nitrate provided an analogous yellow strobe system
consisting only of environmentally benign ingredients.>3! Here again, the yellow light is produced by

the atomic emission of sodium.

Blue light is thought to be the most challenging colour to produce. Up to now, there is no other
satisfying blue light emitter known in the literature, which is free of copper and halogen atoms.5%
Good performing blue colourants such as Cu(CH3COO); - 3 Cu(AsO2), (Paris green) or CuHAsO;
(Scheele’s green) were completely ruled out for this study due to their high toxicity arising from the
arsenic content.®® In addition, soluble copper salts often show aqueous toxicity, which is accepted
due to the lack of existing alternatives.® In order to develop the best-performing formulations to
this date (dominant wavelength = 465+20 nm; spectral purity = 65%), the focus was on improving
the existing copper bromate system by the introduction of high-nitrogen additives.>**! This method
was already applied to other pyrotechnically disseminated colours before.[*® 571 Based on the report
of the discovery of indium in 1863 and the reported observation of blue-light emission when burned
with hydrochloric acid, the flame chemistry of this element was investigated as a possible emitter

for blue light, however, the price and availability prohibit any future application.>®
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1.4 Experimental Procedure

1.4.1 Optical Emission Spectroscopy

The experimental setup to determine the performance of novel light-producing compositions with
respect to the colour emission was previously described by Gliick et al.®¥ In detail, the main
characteristics include the dominant wavelength (DW), luminous intensity (LI) and spectral purity
(SP). A short explanation of the physical and chemical background related to the light emission in
the visible spectrum was given by Rusan in 2014.°1 The procedure of frequency measurements
carried out during the investigation of strobe formulations is explained in chapter 4.3 and chapter

4.4 in the supporting information section.

1.4.2 Smoke Characterization

Both the newly installed smoke chamber and the newly developed small-scale aerosol collecting
setup are explained in detail in chapter 3.1. Transmittance measurements over time were
performed to evaluate the smoke persistence as well as the spectroscopic properties. The obtained
information was used to calculate the so-called Figure of merit (FMn). The aerosol collecting setup
was applied to determine the yield and the transfer rate of tested smoke compositions. The
guantification of the smoke dye present in the collected aerosol was performed using high pressure
liguid chromatography (HPLC) in cooperation with the “CBRN Defense, Safety and Environmental
Protection School” of the German Bundeswehr (CDSEP-School), Sonthofen/Germany. A Thermo™
Scientific™ DIONEX™ Ultimate™ 3000 HPLC System (accucore RP-MS column (3.0 x 150.0 mm,
particle size 2.6 um) with a DAD-3000 photometer was used to quantify the amount of coloured
dyes. The determination of copper content was performed at the internal university ICP-AES

instrument.

1.4.3 Sample Preparation and Sensitivity Measurements

To secure the reproducibility of pyrotechnical formulations, a strict sample preparation protocol has
to be followed. Therefore, each preparation protocol is provided in the specific chapters. The
applied equipment to determine the sensitivity measurements towards mechanical stimuli and

electric spark discharge is given in the corresponding experimental sections.

15
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2. Summary and Conclusion

Chapters 3—4 have been published in peer-reviewed scientific journals if not stated otherwise. The
content of these chapters is consistent with the respective publications; however, the layout of the
articles has been modified in order to fit this thesis. A brief summary of the results presented in

this thesis is given in this chapter.

2.1 Anthraquinone-Free Blue and Green Coloured Pyrotechnical Smoke

Formulations

An environmentally friendly and less toxic alternative to the in-use U.S. military M18 green smoke
grenade is presented. The developed blue and green coloured smoke formulations do not apply
anthraquinone dyes, which are known or at least under suspicion to be toxic and carcinogenic. In
this context, copper(ll) phthalocyanine (CuPc) served as the blue dye, a 1:1 mixture with the food

dye Solvent Yellow 33 (SY33) produced green smoke.

Figure 8. Copper(ll) phthalocyanine (bottom) and Solvent Yellow 33 (top right) applied in new green and blue

smoke formulations.

In general, coloured smoke formulations are expected to suffer from a low efficiency. Low efficiency

refers to the fact, that not all of the dye present in the pyrotechnical formulations is actually
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dispersed. However, there is no sufficient information provided in the literature. To face this issue,
a laboratory-scale aerosol collecting setup was designed and used to study the new formulations. A
smoke chamber was installed to measure the transmittance over time. Since a higher efficiency
would not only result in an improved smoke cloud, but also reduce the actually needed dye, the
effect of adding additional gas generators was studied. 5-Amino-1H-tetrazole (5-AT) proved to
increase the efficiency of the novel smokes and might serve as a starting point for both high-

performance as well as reduced ecological impact formulations.

2.2 Modified U.S. Army Terephthalic Acid White Smoke Composition

Traditionally, military visible obscuration compositions (obscurants, smokes) are applied for
screening or signaling purposes. This study presents the exploration of modified terephthalic
acid (TA) white smoke formulations such as applied in the U.S. M18 TA white smoke grenade. In
1990, this cool-burning, less toxic, but also low-efficiency white smoke composition replaced the
previously used AN-M8 hexachloroethane (HC) smoke grenade due to toxicity reasons. The
consequences for soldiers were dramatic, as the effective carry-on weight increased. Three TA
grenades are needed to achieve a similar smoke cloud obtained from just one AN-M8 grenade on a

dry day.

Figure 9. TA-based white smoke applying 5-AT.
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Since the sublimation-condensation mechanism is similar to coloured smoke formulations, 5-AT was
applied to the TA-based compositions as well. Remarkably, it has been found that sugar is not
necessarily required in the formulations, which has implications for the future improvement of
sublimation-condensation smoke compositions. It was shown, that formulations containing 5-AT as
the main fuel, and no sucrose, displayed the lowest transmittance values over time, and remained

stable over the entire measurement period.

2.3 5-Amino-1H-Tetrazole-Based Multi-Coloured Smoke Signals Applying the

Concept of Fuel Mixes

The next logical step was to apply 5-AT as main fuel to other coloured smoke dyes applied in the
U.S. M18 smoke grenades. Finally, three different fuel mixes for each coloured smoke compositions
(yellow, green, red and violet) based on 5-AT were obtained. Essentially, fuel mixes are
combinations of certain components such as the oxidizer (KCIOs), fuel, coolant (carbonates) and
other additives. These ingredients are pre-mixed to give the respective fuel mix, which is later
combined with the corresponding final ingredients (in this case the dye). This serves two purposes.
First, producers and big consumers can reduce the amount of in-stock pyrotechnical signals serving
each colour. Upon request, the desired smoke signals can be prepared by combining the fuel mix
and dye A, dye B or dye C without the need for storing signal A, signal B or signal C in huge amounts
over a longer period of time. Second, the number of materials applied for different coloured smoke
signals is dramatically reduced as all formulations rely on the same ingredients. This benefit reduces

cost and simplifies the supply chain management.

" .
\oﬂ"r
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£ Rame®

Figure 10. The variety of colours produced by one fuel-mix.
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The analysis of the aerosol revealed similar yields compared to sugar-based reference formulations.
A closer look at the dye percentage present in the aerosol for yellow and red coloured smoke
formulations revealed the superiority of the sugar-based formulations. Sugar-based formulations
achieved at least 10% higher transfer rates compared to 5-AT based formulations. The highest
detected value was obtained for the red reference formulation Ref-R with 86% transfer rate.

However, these results provide the necessary information and baseline for future investigations.

2.4 Metal Salts of 3,3'-Diamino-4,4'-Dinitramino-5,5'-Bi-1,2,4-Triazole in

Pyrotechnic Compositions

The synthesis and characterization of seven alkaline and earth alkaline salts of 3,3'-diamino-4,4'-
dinitramino-5,5'-bi-1,2,4-triazole (H,ANAT) is presented. The compounds were synthesized by
reaction of 1,3-diaminoguanidine hydrochloride with oxalic acid in polyphosphoric acid. After
nitration and an additional saltification step, the corresponding sodium, potassium, caesium,

rubidium, calcium, strontium and barium salts were prepared.

Figure 11. Red pyrotechnical formulation based on STANAT- 6H>0.
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The focus of this work was on chlorine and nitrate-free pyrotechnical formulations based on
SrANAT - 6H,0. Optical measurements revealed a dominant wavelength DW = 616 nm and spectral
purity SP = 75%, which are in close range to the U.S. military requirement for red light. Besides the
presence of crystal water, no hygroscopicity issues were observed. To reduce the potential
contamination arising from nitrate based illuminant signals, the presented SrANAT- 6H,0 might

serve as a potential alternative.

2.5 A Strontium- and Chlorine-Free Pyrotechnic llluminant of High Colour Purity

The first strontium- and halogen-free pyrotechnical illuminant meeting the U.S. military
requirement for red light (dominant wavelength (DW) = 620 + 20 nm; spectral purity (SP) 2 76%) is
described. The best working formulations applying dilithium 3,3'-diamino-4,4'-dinitramino-5,5'-bi-
1,2,4-triazolate trihydrate (Li,ANAT), magnesium, NC, 5-AT and an epoxy binder system achieved a
DW =606 nm and SP = 88%. Li,ANAT, which serves as both oxidizer and colourant in one molecule,
can be obtained in a simple three steps synthesis without the need for an organic solvent. These so-
prepared formulations achieved a good colour quality comparable to those of chlorine-free
strontium-based compositions. Traditional red-light-emitting pyrotechnical formulations suffer from
two disadvantages, they contain strontium salts as well as chlorinated materials. Usually,
compounds such as perchlorates or polyvinyl chloride (PVC) are applied to work as oxidizer and
chlorine source. Upon combustion, these formulations form the metastable Sr(l)Cl as the red-light-
emitting species and, to some extent, highly toxic polychlorinated organic compounds. Recently,
chlorine-free compositions based on Sr(I)OH as red-light emitter were reported and therefore, offer
a solution to the chlorine issue. Whereas the negative, but reversible health effect of the
perchlorate anion interfering with the proper function of the thyroid gland is literature-known for
years, the health concerns correlated to strontium were first mentioned by the United States

Environmental Protection Agency (U.S. EPA) in 2014.
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Figure 12. The first halogen-free lithium-based flare formulations meeting the U.S. military requirement (DW/SP).

According to the U.S. EPA, strontium is potentially harmful to human health and replaces calcium in
the bones. As a consequence, U.S. EPA started regulating the strontium concentrations in the
drinking water. The naturally occurring element strontium has been detected at the level of
concerns in 7% of all public water systems in the USA. Military training grounds were not included in
this study; however, due to the presence of strontium in red-illuminating signals, these areas may
show elevated strontium concentrations as well. Moreover, lithium-based illumination formulations
were investigated to meet potential future regulations and prevent live fire-stops at military

training grounds.

2.6 Flare or Strobe: A Tunable Chlorine-Free Pyrotechnic System Based on

Lithium Nitrate

The herein presented pyrotechnical system is the first of its kind serving either as red-light-emitting
flare or strobe formulation. Lithium served as atomic emitter revealing a DW =598 nm and
SP =75% in the best working flare composition. To obtain constant burning, a mixture of lithium
nitrate, Mg, hexamine, NC and an epoxy binder system was applied. The same behaviour is
observed if NC is replaced by 5-AT; however, formulations applying NC as additional binder suffered
less from hygroscopicity issues. Surprisingly, some formulations applying solely hexamine and Mg as
fuel revealed oscillatory burning with periodically alternating dark (no or almost no light output)

and flash (bright light) phase reactions. Time dependant high-speed video recordings and frequency
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analysis proofed a comparable peak separation to literature-known strobe formulations. Next to
the colour quality of strobe formulations, the flash separation as well as a constant frequency is
important. Changing the Mg/hexamine ratio allowed the regulation of observed frequencies in the

range from 3—-12 Hz.

Figure 13. Red-light-emitting flare or strobe based on lithium nitrate.

In contrast to most literature-known strobe compositions, usually applied frequency modifiers such
as copper-chrome oxide, hexachlorobenzene and potassium dichromate are not needed. Moreover,

all developed formulations are additionally chlorine-free and safe to handle.

2.7 Development of a Sustainable Perchlorate-Free Yellow Pyrotechnical Strobe

Formulation

Yellow strobe formulations applying sodium nitrate, hexamine, Mg, nitrocellulose and an epoxy
binder system are reported. Analogue to the previous described red strobe formulations based on
lithium nitrate, the frequency was controlled by altering the Mg/hexamine ratio to cover the range
from 7Hz<x<20Hz. Only environmentally benign materials were applied. The developed
formulations fulfil both the requirement of the U.S. EPA and European Regulation Law REACH
(Registration, Evaluation, Authorization and Restriction of Chemicals). In addition, no hygroscopicity
issues were observed. All tested formulations were insensitive towards friction and only moderate

sensitive towards impact.
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Figure 14. Yellow strobe formulations based on sodium nitrate.

Besides relying on environmentally benign materials, these new compositions have three out of five
ingredients in common with a proposed replacement candidate for the U.S. Mk 144 yellow marine
smoke and illumination signal. This fact and the resulting synergies may enhance the chance for

future application in both the military and civilian sectors.
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3. Smoke-Generating Pyrotechnics

3.1 Improved Efficiency by Adding 5-Aminotetrazole to Anthraquinone-Free

New Blue and Green Colored Pyrotechnical Smoke Formulations

Published in Propellants, Explos., Pyrotech. 2017, 42, 131-141. (DOI: 10.1002/prep.201600136)

Abstract: Pyrotechnical smoke formulations are predominantly used in the military sector for
obscuring or signalling purposes. For decades, the performance was the only point of interest and
no toxicity issues have been considered. Although fuels like sulfur have already been replaced in
colored smoke formulations, the main ingredient still remains the dye. In the past few years certain
highly toxic anthraquinone dyes, e.g. benzanthrone and vat yellow 4 have successfully been
replaced by Solvent Yellow 33 (SY33). Additionally, colored smoke formulations suffer from a low
efficiency and there is no published information about the yield like the amount of produced
aerosol of in-use formulations. To face this issue, we designed several new blue and green smoke
formulations containing 5-aminotetrazole (5-AT) as additional gas generator to increase the
efficiency. Maintaining the environmental risks in an acceptable range, we applied copper(ll)
phthalocyanine (CuPc) for blue and a mixture of CuPc/SY33 for green formulations. A self-

developed aerosol collecting setup was used to investigate the formulations.

1 Introduction

Pyrotechnical smoke compositions play an important role in today’s warfare. To keep up with more
complex operation scenarios, the military forces have to be provided with suitable materials
providing a good performance while dealing with safety and health issues. Regarding the huge
diversity of application purposes, the authors will focus on obscurants and signaling munitions.*
Obscurants, for example, serve for screening, blinding, deception and training purposes.”’ An
obscurant device creates an aerosol cloud brought into the line of sight between the observer and
the target. This tactical advantage can be used to hide or to change position on the battlefield.
Colored smoke compositions however are used for both ground and ground-to-air signaling. These

formulations usually consist of an oxidizer/fuel pair which produces the heat to vaporize the dye.
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The coolant keeps the temperature in the desired range, additives may be used to modify the
mechanical stability or burning properties. The big benefit of smoke signals is the high visibility over
greater distances when employed against a terrain background of contrasting color.! Smoke is
therefore valuable for marking unit flanks, positions of lead elements, locations of targets, drop
zones, tactical landing areas, and medical evacuation landing sites. Whereas white obscurants have
been studied extensively for decades regarding their total amount of produced aerosol (=yield) and
optical performance like smoke thickness and smoke color, there is a lack of such information about

colored smoke formulations.!

In the case of the U.S. Army M18 yellow smoke grenade, there is no information provided about the
yield or the percentage of other combustion products, like soot or water. The efficiency is assumed
to be relatively low since the oxidizer/fuel pair constitutes a large proportion of the composition.?!
To face this issue, we designed a cheap and easy laboratory-scale aerosol collecting setup which
gives better insight in the performance regarding the yield factor. The collected aerosol was further
analyzed to calculate the percentage of dye in the aerosol. To obtain a higher degree of dispersion,

we applied 5-aminotetrazole (5-AT) as additional gas generator.

In the past few years, the major focus was to tackle the toxicity problems which comes along with
the use of anthraquinone based dyes, like Disperse Red 9, Vat Yellow 4 or Disperse Blue 180.5
Some representatives of this substance class have been reported as toxic and carcinogenic
substances.[® A list of current dyes used in the U.S. Army are presented in Figure 1 and discussed

with regards to health associated risks.!”!

Most of the dyes shown above belong to the anthraquinone group. The toxicity is influenced by the
substituents and their position on the tricyclic molecular skeleton. Especially the position of the
hydroxyl group on the molecule is important for the toxicity.!®! The majority of the anthraquinone
dyes that give active response in the Ames mutagenicity test contain amino, nitro or hydroxyl

moieties.[8]
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O NH, O HN™ O HN
sespives ‘+¢ e
O NH, 0] HN

Disperse Red 11 Disperse Red 9 Solvent Violet 47 Solvent Green 3

Benzanthrone Vat Yellow 4 Solvent Red 1 Disperse Blue 180: mixture of three
dyes;
with R = H, CH3 + Solvent Green 3

Figure 1. List of current dyes used in U.S. Army + Disperse Blue 180 72,

Disperse Red 9 has been assigned a toxicity ranking of 1 when inhaled or swallowed. The rating of 1
is defined as a slightly toxic material whose effects are temporarily and disappear upon termination
of exposure.l! When combusted, the dye is subjected to oxidative and pyrolytic reactions, which
can result in a variety of reaction byproducts. Rubin et al. indicated that during combustion,
Disperse Red 9 (1-(methyl-amino)anthraquinone) is mainly converted to 1-aminoanthraquinone and
2-aminoanthraquinone.Yl 2-Aminoanthraquinone has been found to be carcinogenic in a rat and
mouse bioassay.'?! In todays in-use formulation, Disperse Red 9 is replaced by a mixture of Solvent
Red 1 and Disperse Red 11.7%! According to the U.S. military subcommittee, the experimental data
are insufficient to assess the toxic effects of Solvent Red 1.7¢! Solvent Red 1 is reported to be both

genotoxic and carcinogen.*3!
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The U.S. Army’s M194 yellow smoke hand-held signal consisted of two toxic yellow dyes,
benzanthrone and Vat Yellow 4.®! Benzanthrone is reported to cause an itching and burning
sensation, erythema, dermatitis, and skin pigmentation.’ Vat Yellow 4 is classified as a “Group 3”
material by the International Agency for Research on Cancer (IARC) because the carcinogenity of
this compound remains undetermined, but there is limited evidence for carcinogenity of Vat Yellow
in experimental animals.!* A possible replacement candidate is Solvent Yellow 33.%°! This dye is
widely used in the EU as a food additive (E 104). Studies, including several long-term carcinogenity
studies at dose levels up to 2500 mg/kg/day in the rat and 7500 mg/kg/day in the mouse revealed

no evidence of carcinogenity, including subcutaneous injections. 1% ]

The former violet dye mix is a mixture of Solvent Violet 47 (80 wt%) and Disperse Red 9 (20 wt%).[""]
Due to the previously mentioned concerns of Disperse Red 9, the current in-use compositions

contain Disperse Red 11 and terephthalic acid to give a violet smoke.[”"!

The M18 green smoke mix is based on a mixture of three dyes: benzanthrone (24 wt%), Vat Yellow
4 (13 wt%) and Solvent Green 3 (62 wt%).l’?l Carcinogenity and mutagenicity tests reported by
Brown et al. and Epler et al. showed contradictory results, so the U.S. military subcommittee
officially announced the major concern related to this dye is the poorly solubility in the lungs and

accumulation with repeated exposures to high concentrations of the material.l’¢ 18

Marrs et al. conducted an animal study on the repeated dose of a smoke containing Disperse Blue
180 back in 1989.[7a] The smoke is similar to the in-use formulation of the SASR (Australian Army)
“L” series grenades, except for the absence of kaolin colloidal, zinc stearate and gum acacia
powder.['”] The authors of the study reported that among the surviving mice, there was a
significantly high frequency of alveolic carcinoma.[7a] The other important result was alveolar and
peribronchial infiltration with macrophages containing granules. Disperse Blue 180 was also tested
in the Ames salmonella typhimurium test. To show the complexity of this test result, the results for
the single strains (certain genetic variant) of the bacteria are listed: the dye was mutagenic for the

strain TA 153R+, but non-mutagenic for strains TA1535, TA1537, TA1538, TA98 and TA100.[7a]
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Beside the toxicity profile of the formulations ingredients, it is very important to identify potential
toxic combustion products and their particle size. If those are smaller than 2 um, they are capable

of penetrating deep into the lung alveoli when inhaled.®!

To address the need for more environmentally friendly compositions, we developed
anthraquinone-free formulations and combined them with the Solvent Yellow 33 system published
by Moretti et al.[6b] In the Solvent Yellow 33 system potassium chlorate/sucrose is the oxidizer/fuel
pair, magnesium carbonate hydroxide pentahydrate (MCHP) is the coolant, SY33 is the dye and
stearic acid is used as additive. Copper (Il) phthalocyanine (CuPc) showed the best results for blue
formulations, a 1:1 mixture of CuPc and Solvent Yellow 33 (SY33) performed best producing green
colored smoke (Figure 2). Literature research revealed CuPc as a non-toxic/-mutagenic/-
carcinogenic dye used for food packaging.!*®! The R-modification is used as the cyan standard in the
3 color printing ink (C.I.Pigment Blue 15:3) and in colored lacquer. CuPc was also tested in the Ames
salmonella typhimurium test for the following strains: TA97, TA98, TA100, TA102, TA1535, TA1538.
In contrast to Disperse Blue 180, all variants of the test for CuPc were negative for mutagenicity,
both with and without metabolic activation.[*3*°! Impurities of CuPc, like the starting materials
phthalonitrile and other copper salts may cause a positive Ames bacterial test.[!® 201 Additionally the
mammalian cell gene mutation assay with mouse lymphoma cell line L5178Y TK +/- showed now
evidence for mutations or chromosome damage caused by CuPc.'® Further investigations on rat
hepatocytes did not report unscheduled DNA synthesis, as well as the standard method of the
C3H/10T1/2 CL8 cell transformation assay gave no evidence for a carcinogenic effect.’?*! An animal
study on rabbits apparently reported no irritating effect with acute exposure of CuPc to the skin and
eyes. There was no evidence of sensitization in this animal study, whereas it is assumed to be
slightly irritating to humans.[*® 22 Animal studies showed only low biological activity and no
resorption of CuPc in the stomach. The observed oral LDso value in rabbits is 16000 mg/kg and
>15000 mg/kg for rats.[*¥) If released into the environment, CuPc binds to surfaces or sediments to

the ground since it is not soluble in water.[?3!
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Figure 2. Solvent yellow 33 (left) and Copper (Il) phthalocyanine (right).

This paper describes the developed laboratory scale aerosol collecting setup and reports the
increased efficiency by adding gas generators to blue and a new green smoke formulation. The
percentage of dye in the aerosol was determined by ICP-AES. All formulations were investigated
regarding their combustion behavior as well as their energetic and thermal properties. Optical

measurements of the transmittance were performed using a smoke chamber.

2 Experimental Section

Materials. Potassium chlorate (299%), sucrose (299%), sodium hydrogen carbonate, Solvent Yellow
33 (95%) and magnesium carbonate hydroxide pentahydrate were purchased from Sigma-Aldrich.
5-Aminotetrazole (98%) was purchased from abcr chemicals. Stearic acid was purchased from
Grussing GmbH. Copper (Il) phthalocyanine (approx. 95%) was purchased from ACROS Organics.

For initial testing, small mixtures (2 g) were carefully mixed manually for 5 min in a mortar by
combining the dry compounds. If those tests were successful, bigger mixtures (40 g) were prepared
by combining the dry components in a cylindrical rubber barrel and rolling for 120 min. The rotatory
rock tumbler (model 67631) was built by “Chicago Electric power tools” and operated with steel
balls. To remove any clumps, the compositions were passed through a 800 um screen. 2 g of this so
prepared composition were pressed into a cylindrical steel compartment (diameter 2.0 cm), with
the aid of a tooling die and a hydraulic press. The used consolidation dead load of 2000 kg was
applied for 3 s, if not stated otherwise. These pellets were used for the aerosol determination and
the optical measurements. For each composition, five pellets were tested and the results were
averaged. An electrical resistance wire (“Kanthal”, 0.6 mm diameter, 5.25 Ohm/m) was used to

ignite the pellets.
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Burn rate. Compositions were pressed into cardboard tube for burning rate studies. The cardboard
rolls, cylindrical and open on both ends, had a 2.50 cm inner diameter, 4.0 cm height, and a 1.6 mm
wall thickness. The compositions (10 g) were pressed with a consolidation dead load of 2000 kg for
10s. The pellets were ignited at the bottom using a bended electrically heated “Kanthal A1” (FeCrAl)
wire. Digital video recordings were used to determine burning times. The length of the pellets was
divided by the burning times to obtain the linear burning rates.

Optical measurements. Optical measurements were performed in a 80 cm x 80 cm x 180 cm smoke
chamber, which was designed by Poret and suggested by Shaw (Figure 3).2* The pellets were
placed on the top of the wire and ignited by a bended electrically heated “Kanthal wire”. A
broadband light source (halogen lamp 75 W) combined with a spectrometer (“Ocean optics
HR2000+ES) with an ILX511B linear silicon CCD-array detector (range 190-1100 nm)”) was used as
experimental setup to determine transmittance as a function of wavelength in the visible spectrum.
The aspheric condenser lens (Edmund Optics, “75 mm Diameter x 50 mm FL”) is used for the
parallel adjustment of the scattered radiation of the light source. The aligned light passes through
the glass windows, the chamber, the ND filter and is detected by the spectrometer. The ND filter is
used to reduce the incoming intensity to the spectrometers operating range. But it is also possible

to reduce the incoming intensity manually by changing the angle of the optical fiber.

smoke chamber

ND filter spectrometer

\
( D optical
\ fiber

aspheric K

condenser \

lens

75 W Halogen lamp

glass window

Figure 3. Setup for optical measurement designed by Poret and suggested by Shaw 2,

To compare different obscurant formulations of the same pellet size to each other, the mass-based

composition figure of merit (FMp) is used. Shaw described these smoke metrics in the appendix of
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his 2014 IPSUSA Paper by using an equation based on the Lambert-Beer law, however it is also
possible to obtain the FMn, from a very simple chamber.?4
All that must be known is: pellet mass, chamber volume, path length of the light and the

transmittance (Equation 1: mass based figure of merit (FMn)).

Equation 1:

FMm = a-Y:(M).(ﬂ>= —VinT

mg'L me meL

Annotation: a = extinction coefficient, Y = yield factor, m(a) = mass aerosol, m(c) = mass composition, V = volume

of the chamber, T = transmittance, L = pathway of the light beam.

At the beginning of each measurement, a spectrum of the empty chamber was recorded.
Afterwards the pellet was ignited and the smoke was vented in the chamber until it was
equilibrated. The point of equilibration was indicated by a constant, not further decreasing
transmittance value. At this point, the fan was turned off and a spectrum in the visible region was
recorded at the equilibrium state and every 20 s for the next 6 min. The wavelength at 678 nm was
chosen for FMn, calculation as this is the literature known maximum absorption of CuPc in the blue

smoke formulations.

Disc filter\

Plug-in —_ A
connector \[[E

s %
,_l—é— Can
\\
| 7 Frame
//-’____
wire bowd
Platform
\_.//

Figure 4. Scheme aerosol collecting setup.
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FMm was calculated by averaging the values at 678 nm over 6 min for the transmittance. In the case
of the green smoke formulations, the values at 555 nm, the wavelength of peak photopic response
of the human eye, was used for calculation of FMpn,.

Aerosol collecting setup. The compartment of the aerosol collecting setup is a tin can (11 cm
diameter, 20 cm height) with a plug-in type separable connector (Figure 4). The cap is a tin loop

with a centered hole (8 cm diameter) which fixes a LLG-Plain disc filter (diameter 15 cm).

The gap between the overlapping filter paper, the cap and the can is sealed by an adhesive tape.

The removable platform inside is attached to a frame for better handling (Figure 5).

Figure 5. Aerosol collecting setup 1.

A carved glass bowl is placed at the platform and contains a lowered bended Kanthal Al (FeCrAl)
wire for ignition (Figure 6). The pellet is placed on top of the wire. Due to the lowered wire, the

pellet is fenced by the glass bowl edge and cannot get out of place.

Figure 6. Aerosol collecting setup 2.
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The bended wire is connected to the plug-in connectors via electrical wires and to an electrical
source outside the tin compartment. The idea was to ignite the smoke pellet inside the can with
closed and sealed cap. The gaseous products should leave through the filter disc which at the same
time keeps the smoke particles inside, theoretically the whole residue drops through the bended
wire to the ground of the glass bowl. With this setup, the total amount of produced aerosol can be

easily determined by subtracting of the remaining residue (Equation 2: Calculation of aerosol).

Equation 2:

m (aerosol) = Am (can(loaded) — can(combustion)) — |Am(bowl(combustion) — bowl(empty)|

Regarding the fact, that not all collected aerosol is the dispersed dye, further analysis were done. To
guantify the percentage of blue dye in the aerosol, ICP-AES was the method of choice.

Sensitivity measurements. The impact and friction sensitivity was determined using a BAM
drophammer and a BAM friction tester. The sensitivities of the compounds were indicated
according to the UN Recommendations on the Transport of Dangerous Goods (+): impact:
insensitive >40 J, less sensitive >35 J, sensitive >4 J, very sensitive 4< J; friction: insensitive >360 N,
less sensitive = 360 N, sensitive <360 N>80 N, very sensitive <80 N, extreme sensitive <10 N.
Additionally all formulations were tested for sensitivity towards electrical discharge using an Electric
Spark Tester ESD 2010 EN.

Thermal stability measurements. Decomposition points were measured with a OZM Research DTA

552-Ex Differential Thermal Analyzer. Measurements were performed at a heating rate of 5 °C/min.

3 Results and Discussion

Obscurants and colored smoke formulations have different quality criteria. For obscurants, a higher
FMm as well as a higher yield, is desired.”?! Since white and grey are the dominating colours of
obscurants, other combustion products like soot or water increase the total amount of produced
aerosol and at the same time are beneficial to their optical performance (smoke color, smoke
thickness) which result in a bigger FMm value. In order to investigate, if this parameter is also
suitable for colored smoke formulations and to compare different colored smoke formulations to
each other, the authors calculated the FMn, values for selected blue and green colored smoke

formulations. Since the obtained FMn, values did not correlate with the observed optical

39
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performance, like smoke color and smoke thickness, the authors decided that the calculation of
FMm based on these results is an improper tool to evaluate the performance of colored smoke
formulations. The most important part for colored smoke is to be reliably recognized as the
intended colored smoke by the receiver.B! For this reasons, the sole consideration of the yield as a
performance criteria fails, too. Soot or other colored combustion products falsify the intended
color. So the authors introduce the term “transfer rate” to describe the ratio of the dye in the
aerosol compared to the amount of dye in the pyrotechnical payload. This parameter is considered
to be more important than the yield. In this context the term “efficiency” includes both yield and
transfer rate.

Blue smoke formulations based on copper(ll) phthalocyanine (CuPc)

The known toxicity issues with Disperse Blue 180 lead to the idea of developing a more
environmentally friendly composition without anthraquinone based dyes. Shimizu and Ledgard
reported similar blue smoke formulations consisting of potassium chlorate (32.1 wt%), milk sugar
(26.2 wt%), rice starch (2.9 wt%) and CuPc (38.8 wt%).?°! Chakraborty reported a formulation
containing potassium chlorate (20.0 wt%), lactose (18.0 wt%), CuPc (60.0 wt%) and magnesium
carbonate (2.0 wt%).126! Unfortunately this formulation consumed the dye and produced grey soot
on a 2 g scale. Even after varying the oxidizer (ammonium nitrate, ammonium dinitramide) no
colored smoke was observed. So the dye was applied to Moretti’s Solvent Yellow 33 system with
variable amounts of 5-AT to increase the efficiency.®™ It was very important to keep the burning
temperature below 350 °C as this is the dyes point of self-ignition.?”! Fuels like boron or
azodicarbonamide provided too high temperatures and are therefore not suitable for these low

temperature formulations.

Formulations using the dye CuPc were investigated and the content is shown in Table 1. All
formulations B1 - B4 produced blue smoke with comparable smoke thickness and volume

(Figure 7).
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Table 1. Blue compositions B1-B4.

KClO3 Sucrose MCHP  Stearic acid 5-AT CuPc
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
B1 26.0 14.5 14.0 1.0 7.0 37.5
B2 26.0 16.5 12.0 1.0 7.0 37.5
B3 27.4 14.2 11.8 1.0 8.8 36.8
B4 26.9 12.0 13.5 1.0 10.6 36.0

To prevent the production of a naked flame, as observed in Chakraborty’s blue formulation, the
amount of coolant was increased in formulations B1-B4. The oxidizer content is varying from 26.0—

27.4 wt%, sucrose from 12.0-16.5 wt% and 5-AT from 7.0-10.6 wt%.

Figure 7. B1 before (left) and after (right) ignition.

The burn times of B1-B4 are in the range of 17-26 s with B4 showing the fastest burning (Table 2).
The burn rates therefore show the same trend. Formulations B1-B4 are insensitive towards friction
and only B3 is moderate sensitive towards impact. Regarding the decomposition temperatures, all
formulations showed a melting-decomposition transition between 148 °C to 153 °C. The
sensitivities of B1-B4 towards electrostatic discharge increased with increasing amounts of 5-AT
from 1.25 J in B1/B2 to 1.1 J for B3. Formulation B4 was most sensitive towards electrostatic

discharge with 1.0 J.
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Table 2. Properties of B1—B4.

Burntime Burnrate Impact Friction ESD? Taec”

[s] [gs?] 0] [N] 0] [°cl

B1 19 0.526 40 >360 1.25 149
B2 26 0.385 40 >360 1.25 148
B3 20 0.500 30 >360 1.1 153
B4 17 0.588 40 >360 1.0 152

Annotation: a) Electrostatic discharge. b) Decomposition temperature.

The total amount of produced aerosol (Y) is shown in Table 3. The values are averaged over at least
five pellets, standard deviation (SD) (for calculation see supporting information) and relative
humidity (RH) are listed, too. The performance of hygroscopic compounds is heavily influenced by
the humidity. An increased humidity results in a higher yield. For comparison reasons, the

measurements have to be accompanied by the RH value since even minor hygroscopic combustion

products may have an effect.?!

Figure 8. B1 Transmittance [%] - wavelength [nm] for 6 min.

Figure 8 shows an extract of the transmittance (in %) as a function of wavelength in the visible
spectrum of B1. For clearness reasons the number of depicted functions was limited to one function

per minute, the function of the empty chamber was cut off, too. The visible part of the spectrum
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depicted (380—750 nm) shows two peaks at approximately 540 nm and 711 nm. The vertical line at
678 nm marks the literature known maximum absorption of CuPc. Following the expected trend,
the transmission values decrease to the lowest values (function at the bottom) at the time of
starting the measurement (t = 0 s) and constantly increase with additional time. After 6 min of

recording spectra, the experiment was stopped.

Table 3. Quantification of B1-B4.

RH? Yb SD(Y)?
B1 24.4 13.7 1.4
B2 18.3 16.0 2.6
B3 26.0 10.5 5.4
B4 28.2 14.4 2.1

Annotation: a) relative humidity [%]; b)Yield (Mass of aerosol/mass of pellet)[%]; mass of pellet = 1.8 - 2.3g; c)

standard deviation of Y.

B1 and B2 are compared to each other since they only differ in the sucrose/coolant ratio. B2, having
more sucrose and less MCHP than B1, showed a higher yield while measured at lower RH values.
The observations are in agreement with the idea of increasing the yield by introducing more gas
generators. In B3 the amount of sucrose was reduced and compensated by a higher 5-AT
percentage compared to B2. The amount of potassium chlorate was increased and the percentage
of used dye was slightly reduced, too. In this case we did not observe an increase of dispersed
aerosol, quite contrary we observed a decrease which is higher than the amount of reduced dye. B4
produced the second highest amount of aerosol in this series having the highest amount of 5-AT
and the lowest amount of dye. This may have several reasons. B4 has less sucrose which not only
serves as a gas generator, but also produces solid combustion products like soot. The reduction of
sucrose in B4 therefore diminishes the yield and at the same time cannot be compensated by
adding more 5-AT. The main combustion product of 5-AT is nitrogen gas, which is applied to
increase the vyield by producing more gaseous products and do not produce solid combustion

materials.
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To study the effect of dramatically increased amount of fuels, further formulations based on
potassium chlorate (30.0 wt%), sucrose (21.5 wt%), MCHP (8.0 wt%), stearic acid (3.0 wt%), 5-AT
(10.0 wt%) and CuPc (27.5 wt%) were developed using an overall amount of fuel (sucrose and 5-AT)
between 31.5-46.5 wt% compared to the 26.2 wt% Shimizu used. The amount of 5-AT was
increased step-wise by 5.0 wt% from 10.0 wt% up to 25.0 wt% with at the same time reducing the
amount of used dye. Unfortunately the color purity and smoke thickness of these formulations

decreased too far to be considered for further investigations.

Green smoke formulations based on CuPc and Solvent Yellow 33 (SY33)

Since the blue formulations B1-B4 by now were developed using Moretti’s Solvent Yellow 33
system, the next step was to combine CuPc and Solvent Yellow 33 (SY33) according to the
subtractive color mixing scheme to obtain green smoke.?®! Unlike pyrotechnic flares which rely on
the spectrum emitted to determine color, colored smokes are generated from the light spectrum
absorbed by the particles suspended in the air.3% The absence of colored particles is white and the
presence of all primary colors (cyan, magenta and yellow) is black. The presence of only two of
them, cyan and yellow colored dyes, results in green smoke as shown in the experiments. Similar
approaches were done by the authors to use a mixture of the dyes curcumin or (=)riboflavin
(yellow) with CuPc (blue), resulting in poor performance regarding the smoke color, smoke volume
and smoke thickness. SY33 is a literature reported non-toxic quinophthalone dye which is allowed
to be used as food additive in the European Union (EU).[**) Moretti et al. reported 2013 the
successful prototype testing of a novel yellow smoke formulation based on the environmentally
benign dye SY33.®! The older, in-use U.S. Army green smoke formulation consists of potassium
chlorate (24.5 wt%), sucrose (16.5 wt%), magnesium carbonate monohydrate (17.0 wt%), SY33
(12.5 wt%) and Solvent Green 3 (SG3) (29.5 wt%).3! The green dye, SG3 or 1,4-Bis(p-tolyl-
amino)anthraquinone, is an anthraquinone based dye used e.g. in the M18 smoke grenade.
Unfortunately the tested M18 green smoke formulation consumed the dye and produced grey soot
on a 2 g scale. No colored smoke was observed.

Formulations using both dyes CuPc and SY33 were investigated and the content is shown in Table 4
and Table 5. All formulations G1-G8 produced green smoke with comparable smoke thickness and

volume (Figure 9).
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Figure 9. Burning of G8 before (left) and after ignition (right).

Formulations G1-G8 were developed to compare the effect of varying amounts of 5-AT to the
efficiency and provide an alternative green smoke producing system. In G1-G8 the amount of
coolant (sodium hydrogen carbonate) was decreased with respect to the U.S. Army M18 green
smoke formulation. The oxidizer content is varying from 28.5-34.5 wt%, sucrose from 13.5-21.5

wt% and 5-AT from 0.0-10.0 wt%.

Table 4. Green smoke formulations G1-G7.

KCIOs Sucrose NaHCOs Stearic 5-AT CuPc SY33
[wt%] [wt%] [wt%] acid [wt%] [wt%] [wt%]
[wt%]

G1 325 21.5 8.0 1.0 0 18.5 18.5
G2 30.5 21.5 10.0 1.0 0 18.5 18.5
G3 28.5 21.5 12.0 1.0 0 18.5 18.5
G4 34.5 19.5 6.0 1.0 2.0 18.5 18.5
G5 325 17.5 8.0 1.0 4.0 18.5 18.5
G6 30.5 15.5 10.0 1.0 6.0 18.5 18.5
G7 28.5 13.5 12.0 1.0 8.0 18.5 18.5

Formulation G8 contains the overall highest amount of fuel used in the series G1-G8 with 31.4 wt%
in total (Table 5). The coolant used is magnesium carbonate hydroxide pentahydrate (MCHP) which
is a weaker coolant in comparison to sodium bicarbonate. The amount of used dye is significantly

lower than in G1-G7.
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Table 5. Green composition G8.

KCIO3 Sucrose MCHP  Stearic acid 5-AT CuPc SY33
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
G8 32.0 21.4 8.0 1.0 10.0 13.8 13.8

The burn times of formulations G1-G8 are in the range of 16—46s, with G8 showing the shortest
one (Table 6). The calculated burn rates are in the range of 0.303 gs* to 0.909 gs'. G1-G3 are
insensitive towards impact, G4—-G6 are less sensitive towards impact and G7/G8 are characterized
as sensitive. The prepared formulations G1-G8 are insensitive towards friction and show melting-
decomposition transitions in the range of 145-202 °C with G5 showing the lowest one. All
formulations are insensitive towards electrostatic discharge up to the instruments maximum of

1.51.

Table 6. Properties of G1-G8.

Burntime  Burn rate Impact Friction ESDI?! Taec’!

[s] [es™] ] [N] ] [°cl

G1 22 0.455 40 >360 >1.5 202
G2 21 0.909 40 >360 >1.5 170
G3 26 0.385 40 >360 >1.5 174
G4 20 0.455 35 >360 >1.5 167
G5 18 0.556 35 >360 >1.5 145
G6 23 0.435 35 >360 >1.5 170
G7 33 0.303 25 >360 >1.5 165
G8 13 0.769 25 >360 >1.5 171

Annotation: a) Electrostatic discharge. b) Decomposition temperature.

Figure 10 shows the transmittance (in %) as a function of wavelength spectrum of G8. For clearness
reasons the number of depicted functions was limited to one function per minute. Since we were
not interested in the NIR region, only the visible part of the spectrum is depicted (380-750 nm). The
vertical lines at 439 nm (SY33) and 678 nm (CuPc) marks the literature known maximum absorption

of the two dyes. The third vertical line at 555 nm is the peak of highest sensitivity of the human eye
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during daylight and was therefore chosen for the mass-based composition figure of merit (FMm)
calculation (see supporting information). The function with the lowest transmittance value at the
bottom describes the behavior of the smoke after ignition and equilibration (t = 0 s). From the
bottom to the top the next functions are 120 's, 180 s, 240 s, 300 s and 360 s (approximately 70%
transmittance at 555 nm). The function at the very top shows the empty chamber before igniting

the pellet.
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Figure 10. G8 Transmittance [%] - wavelength [nm] for 6 min.

In the case of obscurants, the calculation of FMn, is a widely accepted method to compare the
performance of different formulations to each other.?*! The calculation takes the total amount of
produced aerosol, the molar extinction coefficient and a certain time period into account (see
optical measurement). We calculated the FMy, the first time for colored formulations G1-G8 and
compared the values to the optical performance and the determined amount of CuPc. According to
these FMm, values, formulations G1/G7 performed best and G8 performed worst (Table 7). G2-G6
are in the range of 0.351 to 0.486. As there are no other literature known values for FMn, of colored
smoke formulations, we decided to verify the results and determined the yield and the CuPc

content in the aerosol separately.
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Table 7. FMm calculation.

FM? Sp®
Gl 0.835 0.084
G2 0.351 0.010
G3 0.392 0.023
G4 0.486 0.077
G5 0.424 0.059
G6 0.418 0.088
G7 0.861 0.058
G8 0.295 0.005

Annotation: a) FMm = mass-based composition figure of merit; b) SD = Standard deviation of Y.

The yield of formulations G1-G8 was determined using the self-developed aerosol collecting setup
(see Experimental Section). The yield is the quotient of the total amount of produced aerosol and
the pyrotechnical payload. As the total amount of aerosol does not distinguish between combustion
products, like soot, water or the dye, it is more precisely to determine the amount of dispersed dye.
In contrast to white obscuring smokes where other combustion products like soot have a positive
effect on the shielding effect (higher FMn, values), it is not favoured for colored smoke formulations.
Large amounts of white combustion products can weaken the color purity and falsify the color
impression which is a major concern with visible signalling devices. Therefore the FMm calculation
was found to be an improper tool for the evaluation of colored smoke formulations. Since CuPc is a
salt, we determined the copper content in the collected aerosol using “inductively coupled plasma
atomic emission spectroscopy (ICP-AES) to calculate the percentage of dispersed blue dye in the

aerosol. The authors call this the transfer rate.

The effect of changing the oxidizer/coolant ratio can be seen in G1-G3. All three formulations do
not contain any 5-AT and therefore served as baseline for formulations G4—G8 (Table 8). With a
decreasing oxidizer/coolant ratio, the total amount of produced aerosol decreased, too. The effect
of possible hygroscopic combustion products can be neglected as the RH values are almost
identical. G1 produced the largest amount of total aerosol with a calculated 38 wt% transfer rate of

CuPc. G4 contains more oxidizer, less coolant and for the first time 5-AT (2 wt%) as additional gas
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generator compared to G1. The yield and calculated Cu content is better than G3, but worse than

G1.

Table 8. Quantification of aerosol of G1-G8.

RH[! Yl SD(Y)k! Cu content!!
G1 25.8 15.2 2.9 38.0
G2 26.1 10.6 2.3 24.3
G3 24.7 7.9 2.6 24.1
G4 25.2 9.9 1.8 26.6
G5 31.5 15.0 2.6 26.9
G6 34.0 13.0 1.5 20.6
G7 34.0 6.6 1.0 15.0
G8 27.0 21.5 14 59.8

Annotation: a) RH = relative humidity [%]; b) Y = yield (Mass of aerosol/mass of pellet)[wt%]; mass of pellet = 1.8—

2.3g; c) SD(Y) = Standard deviation; d) Determined via ICP-AES [%)].

In G5—G7 the amount of 5-AT was increased stepwise up to 8 wt%, while the amount of sucrose was
reduced. The oxidizer/coolant ratio decreased, too. Regarding the yield, G5 performed better than
G2/G3 and similar to G1, but shows a lower transfer rate than G1. An explanation is the increased
RH value compared to the G1 measurement. Even weak hygroscopic materials may have a positive
effect on the yield and lead to a reduced calculated transfer rate. The results of G5-G7 showed,
that a decreasing oxidizer/coolant ratio and at the same time increasing amount of 5-AT do not

result in a better performance regarding the yield or transfer rate of CuPc.

G8 is one example of a series of good performing formulations using MCHP, which is a weaker
coolant compared to sodium hydrogen carbonate and was used by Moretti et al. earlier.’) G8 was
measured at almost identical RH conditions like G1 and shows both a higher yield (6 wt% higher) as
well as a dramatically increased transfer rate (22 wt% higher) of CuPc (Table 8). G8 dispersed more

dye than any of formulations G1-G7 while having 5 wt% less CuPc in the pyrotechnical payload.
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& Cu in aerosol [mg]

# Cu in formulation [mg]

Figure 11. Comparison of CuPc transfer rates.

Figure 11 compares the amount of CuPc in 2 g pellets to the calculated amount of CuPc in the
aerosol. As discussed, G8 has the highest transfer rate. According to our results, it is possible to
increase the amount of dispersed dye by adding gas generators in the case of our developed green
smoke formulations. In the case of G8, the reduction of CuPc was more than compensated by

increasing the amount of 5-AT.

4 Conclusions

New blue and green anthraquinone-free smoke formulations applying 5-AT as additional gas
generator were developed. The yield and the ICP-AES measurements of G8 proofed a higher degree
of dispersion for CuPc compared to 5-AT free formulations. To determine the yield of our
formulations, an inexpensive and simple laboratory-scale aerosol collecting setup was developed.
This prototype setup is adjusted for low-temperature formulations and gives the yield with
repeatedly standard deviations in the range of 1.0-5.4 %. The optical performance for selected
formulations was characterized by measuring the transmittance as a function of wavelength in the
visible region. The FMn, calculations, which are generally used for white obscurants, were calculated
the first time for colored smoke formulations and were found to be an improper tool to evaluate
the performance. In the case of green smoke formulations, SG3, an anthraquinone based dye was
successfully replaced by the more environmentally benign dyes CuPc and SY33. These formulations
are promising alternatives to the in-use U.S. Army M18 green smoke formulation. For an
appropriate evaluation, the characterization of the gaseous combustion products/aerosol, as well

as particle size and distribution still has to be done. The detection and quantification of possible CO,
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HCI, HCN and nitrogen oxide species may be achieved using fourier transform infrared spectroscopy

(FTIR). A scanning mobility particle size spectrometer (SMPS) could be used to determine the

particle size and distribution of the aerosol. All used materials can be readily purchased and do not

pose environmental risks. The burn rate tests show the compatibility with cardboard tubes casing,

which is advantageous in terms of biodegradability, cost and reducing the carry-on weight for

soldiers. The low sensitivity towards physical stimuli is a promising fact for safe handling and

manufacturing.
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2. Description of Smoke Figures of Merit and Measurement Technique

This section is taken from A. Shaw’s 2014 IPSUSA Appendix:

(1] A. P. Shaw, G. D. Chen, Advanced boron carbide-based visual obscurants for military smoke
grenades, Proc. Int. Pyrotech. Semin.(40th), Colorado Springs, Colorado, USA, 13-18 July,
2014, 170-191.

Table Al. Smoke measurement variables,definitions, and units.

Variable Definition Units

T transmittance, I/lo

L path length m

v cloud or chamber volume m3

c concentration g/m?3

Om mass-based composition figure m?/g
FMm mass-based composition figure of merit m?/g
FMy volume-based composition figure of merit m?/ cm?
FMmd mass-based device figure of merit m?/g
FMyq volume-based device figure of merit m?/ cm3

m, mass of aerosol g

mc mass of composition g

mgy mass of device g

Ve volume of composition cm3

Vd volume of device cm?

Pc density of composition, mc/ vc g/ cm3

Y composition yield factor, m./ mc

Fmn mass fill fraction, m¢/ mq

Fy volume fill fraction, v¢/ vq

Visual screening smokes may be quantitatively assessed in a suitably-sized aerosol chamber. In

atypical experiment, the total attenuation of visible light from both scattering and absorption is
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measured by determining transmittance (T), the ratio of transmitted light intensity (/) to that of the
incident beam (/o). The Beer-Lambert law (Equation 1) relates T to the aerosol concentration(c), the

path length the light travels through (L), and the extinction coefficient ().

Equation 1:

T = I/IO = e CLa

The extinction coefficient, which is independent of concentration and path length, determines the
effectiveness of an aerosol as an obscurant. [A1] The units of a are such that the term clLa (the
optical depth) is dimensionless. Therefore, when L is measured in meters and c is defined as the
mass of aerosol particles divided by the volume of the chamber (g/m3), the units of a are m?/g. This
is a mass-based extinction coefficient (am). Rearranging the terms and substituting m./V for c,

where m, is the aerosol mass and V is the chamber volume, gives Equation 2.

Equation 2:

_ —In(T) _ =V -In(T)

“m cL mglL

Since am is only a characteristic of the aerosol, it does not account for the properties of the initial
smoke-producing material. Two practical factors, unaccounted for by am, are the
composition/device efficiency and whether or not the volatilized materials absorb atmospheric
constituents. Various figures of merit have been used to account for these factors with the goal of
guantifying actual smoke composition performance. In 1968, Lane and co-workers described “total
obscuring power” (TOP) which was intended to represent the area in square feet that could be
obscured by a pound of smoke composition. This figure of merit incorporated a factor to account
for the “discrimination capability of the human eye”.[A2] A figure of merit more closely related to
the Beer-Lambert law may be obtained by multiplying am by the yield factor (Y). Here, Y is the ratio
of aerosol mass (m.) to the mass of initial composition (m¢). Equation 3 shows how the resulting
mass-based figure of merit, FMm, is related to the initial smoke composition mass. Like am, the units

of FMn, are m?/g.
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Equation 3:

-V - ln(T)) <&> _ -V - In(T)

My = am¥ = ( mgL me m,L

If all the smoke from the composition is kept in the chamber, the technique is greatly simplified as
only T must be measured to determine FMn, (V, L, and m. are known). In practice, the cloud
generated by just one smoke grenade is too thick even for large smoke chambers and smoke must
be partially vented to obtain a reasonable measurement of T (usually in the 0.1-0.5 range). In this
case, aerosol sampling to determine m, must be performed before and after the venting step. The
first determination is used to calculate Y. The second is used to calculate am at the time of optical
measurement. These two values are then multiplied to give FMn, (as shown in equation 3). It is
assumed that the aerosol does not change during the process. Even if it is possible to determine
FMm without chamber venting and aerosol sampling, am and Y are still quite informative. A yield
factor greater than unity indicates with certainty, that the smoke has absorbed mass from the air
(usually water). In actual devices, the amount of smoke composition is often limited by the device
volume. Thus, for different compositions with comparable FMn, values, the one with greater density
is preferable provided a heavier device is acceptable. A volume-based figure of merit that accounts
for this is obtained by multiplying FMn, by the composition density (p., g/cm3). The units of FM, are
m?2/cm3 (Equation 4). This figure of merit, which is related to the initial volume of smoke

composition (vc), has been used since the 1980s if not earlier.[A3,A4]

Equation 4:

-V -In(T)
v, L

EM, = FMy,p. = apYp. =
Figures of merit suitable for direct device-to-device comparison are obtained by incorporating fill
fractions, Fn or F,, the ratio of composition mass or volume to that of the device.[A5] Multiplying
FMm or FM, by Fn, or Fy, respectively, gives device-based figures of merit that are related to the total

device mass or volume (Equations 5 and 6).
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Equation 5:
=V - In(T)
FMmd = FMmFm = amYFm = m—dL
Equation 6:
-V -In(T)
FMyq = FM,F, = anYp F, = —————
UdL

A broadband light source (tungsten-halogen bulb or xenon arc lamp) combined with a spectrometer
as the detector is the most flexible experimental setup. Measurements of T may be obtained at
specific wavelengths, averaged across the visible spectrum, or weighted to the photopic response of
the human eye.[A6] Any reported a or FM value should therefore be accompanied by the
wavelength, wavelength range, or weighting operation that was used to calculate it. The behavior
of many pyrotechnic smoke compositions depends on device configuration, although some are less
configuration-sensitive than others. Information about the test containers and sample sizes should
be noted. Additionally, performance (as determined by a figure of merit) can depend on humidity.
Compositions that aerosolize hygroscopic compounds perform better as humidity and yield factor
increase. In such cases, the extinction coefficient also varies, but not nearly as much as the yield
factor does.[A7,A8] Yield factors for nonhygroscopic smokes are governed by aerosolization

efficiency.
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3.2 Effect of Adding 5-Aminotetrazole to a Modified U.S. Army Terephthalic Acid

White Smoke Composition
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Abstract: Military visible obscuration compositions (obscurants, smokes) play an important role on
today’s battlefield. For many years, the known toxicity or ageing problems of established
formulations were commonly accepted since there was a lack of alternatives. Since the U.S. Army
stopped producing the AN-M8 hexachloroethane (HC) smoke grenade, the M83 terephthalic acid
(TA) smoke grenade has been used in its place. This cool-burning, less toxic, but also low efficiency
white smoke formulation cannot compete with HC-based formulations in terms of obscuration
performance. In this context, we have explored the use of 5-aminotetrazole (5-AT) as an additive
and fuel in the known TA system. Remarkably, it has been found that sugar is not necessarily
required in the formulations, which has implications for the future improvement of sublimation-
condensation smoke compositions, including coloured smoke compositions. In small-scale tests, it
was found that replacing sucrose with 5-AT in the formulations resulted in significantly improved

smoke persistence.

Introduction

Military smoke or obscurant formulations are used on the battlefield for signaling, marking targets
and screening troop movements [1]. The earliest reported application in Europe dates from 1701,
but the development of modern smoke technology was launched later, with the introduction of the
Berger mixture during WWI [2]. The American (type C) HC (hexachloroethane) smoke (as used in
the AN-M8 smoke grenade), traces its origins to the Berger mixture, and was used by the U.S. Army
until it was largely replaced by terephthalic acid-based (TA) compositions in the 1990s and 2000s.
Combustion of formulations containing hexachloroethane, zinc oxide and aluminium produce
volatilized metal chlorides which undergo further reactions with moisture from the atmosphere to
give the desired aerosol [3]. In addition to the desired hygroscopic combustion products, in reality
the smoke emitted by HC compositions contained as much as 10% of highly toxic chlorinated

compounds such as CCls, CyCls, Ce¢Cls and polychlorinated dibenzodioxins [4]. Since
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hexachloroethane is itself toxic, and several injuries and deaths were correlated to HC smoke
exposure, there was a need for less toxic alternatives [5]. The requirements for potential new
compositions are not only limited to performance issues, they also include toxicity issues, ageing,
sensitivities and burning properties [1, 6]. It is obvious that such an ideal composition is not yet
available and that smoke compositions are generally characterized by a safety/performance trade-

off.

Compositions based on for example white and red phosphorus, rely on atmospheric burning to
generate phosphorus pentoxide, which is further hydrolyzed to give the aerosol cloud [7]. Such
formulations have been used since WWI and WWII respectively and are superior to any other
smoke material in terms of yield factor (Y) [7a]. Y is the quotient of the total amount of aerosol
produced and the pyrotechnical payload. Yield may be expressed as aratio or as a percentage
(wt.%), although the term “yield factor” almost always refers to a ratio. It is therefore important to
distinguish between hygroscopic and non-hygroscopic aerosols. Lane et al. and Sordoni et al. [8]
reported the influence of various relative humidities (RH) on the performance of red phosphorus
and HC containing formulations. Y increased from 3.73 (20% RH) to 5.77 (80% RH) for red
phosphorus and from 1.25 (20% RH) to 2.77 (80% RH) for HC compositions [8]. All experimental
measurements should therefore be accompanied by RH values, as even minor hygroscopic

combustion products could influence the observed obscuring properties.

Whereas white phosphorus is toxic and incendiary, most compositions containing red phosphorus
have serious ageing and sensitivity issues [1,9]. Red phosphorus suffers from hydrolytic
degradation, which leads to the formation of highly toxic and flammable phosphine gas, as well as
phosphoric acid [10]. This problem has been known for decades and drives the search for
alternatives. In 2016 Shaw et al. [11] predicted boron phosphide, BP, to be a suitable candidate
after theoretically studying a system based on BP/KNOs. BP is resistant to hydrolysis, which might
solve the degradation problems correlated with red phosphorus containing formulations [11].
However, the compound BP is not yet commercially available and this currently hinders further
experimental investigations [12]. In a recent publication by Koch et al. [9], phosphorus(V) nitride,

PsNs, was suggested as areplacement candidate for red phosphorus. Ps3Ns is stable towards
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moisture and is reportedly safe to handle in combination with arange of oxidants, including
nitrates, chlorates and perchlorates. Koch and coworkers did not detect any phosphine release
from the compositions, while at the same time demonstrating smoke performance competitive
with red phosphorus-based compositions [9a]. Unfortunately, the alpha form of P3Ns (crystalline
density=2.77 g-cm™3, phosphorus density=1.58 g-cm™3), which is the phase stable at atmospheric
pressure, has alow phosphorus density compared to white phosphorus (1.82 g-cm™3), red
phosphorus (2.0-2.4 g:cm™3), and BP (crystalline density=2.97 g-cm™3, phosphorus density =
2.20 g:em™3). [9a, 12-13]

Earlier in 2013, new boron carbide (B4C) smoke formulations were reported by Shaw and coworkers
[14]. These formulations used B4C/KNOs as a pyrotechnic fuel/oxidizer pair, KCl as a diluent, and
calcium stearate as a burning rate modifier. In field and smoke chamber tests, these prototype
smoke grenades outperformed the U.S. Army M83 TA grenade by a wide margin. The best
prototypes were functionally equivalent to nearly two M83 TA smoke grenades and have been
considered as possible replacement candidates [1]. However, as with HC smoke grenades, the B4C-
based compositions burn at a high temperature, so unintended incendiary effects would not be

mitigated.

The original TA white smoke composition consists of potassium chlorate, sucrose, terephthalic acid,
magnesium carbonate, polyvinyl alcohol and stearic acid [15]. Since it was developed in the 1990s,
it has replaced the HC composition within the U.S. Army white smoke grenade due to the toxicity
concerns mentioned previously [16]. The consequences for soldiers were dramatic, as the effective
carry on weight increased. To obtain an obscuring cloud similar to one AN-M8 HC grenade,
a soldier nowadays has to use three M83 TA grenades instead [1]. However, a major benefit of the
TA system is the low burning temperature, which makes it less likely to be incendiary. In general,
the TA system is very similar to coloured smoke formulations, e.g. the yellow smoke system
published by Moretti et al. in 2014 [17]. The organic dye is vaporized through
a sublimation/recondensation mechanism. In 2008, Chen et al. [18] described the urgent need to
replace sulfur as the main fuel in the M18 red and violet coloured smoke grenades. The resulting

SO, produced upon combustion is toxic and highly irritating to inhale, and is therefore undesirable.
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Sugar was considered as a less toxic alternative, which resulted in a complete reformulation of the
previously mentioned formulations. However, there may be possible replacements for sugar that
could improve smoke dispersal, efficiency, and persistence. In our previous work, we reported on
the application of 5-aminotetrazole (5-AT) as an additive and additional gas generator in green and
blue coloured smoke formulations [19]. Taking this as a starting point, we have developed

completely sugar-free white smoke formulations based on TA.

To tackle the above mentioned problems with TA smoke, the authors studied the effect of adding 5-
AT to a baseline TA formulation as a gas generator, with the intention of increasing the relatively
low aerosolization and dispersal efficiency. Several working formulations were developed with
varying burning times. Two formulations using 5-AT instead of sucrose were developed and
compared to each other. This paper describes the results of the optical measurements performed

using a convenient small-scale smoke chamber.

2 Experimental Section

2.1 Materials

Potassium chlorate (299%), sucrose (299%), sodium bicarbonate, poly(vinyl alcohol) hydrolyzed
(99+%), terephthalic acid (98%) and magnesium carbonate hydroxide pentahydrate (BioXtra) were
purchased from Sigma-Aldrich. 5-AT (98%) was purchased from abcr chemicals. Stearic acid was
purchased from Grissing GmbH. Sodium carbonate was purchased from Brenntag GmbH. For
initial testing, small mixtures (2 g) were carefully mixed manually for 5 min in a mortar by
combining the dry compounds. If these tests were successful, larger mixtures (40 g) were then
prepared by combining the dry components in a cylindrical rubber barrel and rolling for 120 min.
The rotatory rock tumbler (model 67631) was built by “Chicago Electric Power Tools” and operated
with steel balls. To remove any clumps, the compositions were passed through a 800 um screen.
2 g of this thus prepared composition was pressed into a cylindrical steel compartment (diameter
2.0 cm), with the aid of a tooling die and a hydraulic press. Unless stated otherwise a consolidation
dead load of 2000 kg was applied for 3's. For each composition, four pellets were tested and the
results were averaged. An electrical resistance wire (“Kanthal A1” (FexCrAl), 0.6 mm diameter,

5.25 Ohm-m™) was used to ignite the pellets.
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2.2 Optical measurements

Transmittance data were recorded in a smoke chamber fully described in a previous investigation
on coloured smoke formulations [19]. The starting time (t=0s) for recording the transmittance
values at 555 nm over a period of time was determined by the time needed to fully equilibrate the
smoke. A fully equilibrated smoke cloud was indicated by a constant transmittance value. If the
transmittance value remained constant for a period of 5s, data recording was started. In our
experiments, we experienced a total time period of 13-18 s to be suitable for equilibration. At this
point the cloud was evenly dispersed within the smoke chamber. As the compositions are intended
for visual obscuration, we chose the peak photopic response of the human eye at 555 nm for
recording all of the transmittance values. The recorded spectra were normalized with a recorded

spectrum of the empty chamber before each measurement.

2.3 Thermal and energetic properties

The impact and friction sensitivities were determined using a BAM drophammer and a BAM friction
tester. The sensitivities of the compositions are indicated according to the UN Recommendations
on the Transport of Dangerous Goods (+): impact: insensitive >40 J, less sensitive >35 J, sensitive
>4 J, very sensitive <4 J; friction: insensitive >360 N, less sensitive = 360 N, sensitive 360>N>80 N,
very sensitive <80 N, extremely sensitive <10 N. Thermal stability measurements: the onset
temperatures were measured with a OZM Research DTA 552-Ex Differential Thermal Analyzer at

a heating rate of 5 °C/min.

3 Results and Discussion

The baseline TA white smoke composition in Table 1 was the starting point for our studies [15]. TA
(terephthalic acid) was applied as the white pigment. The molecular structure, especially the
electron-withdrawing carboxy groups, makes it highly deactivated and therefore more resistant to
oxidation. By contrast, dyes containing for example azo- or amino-groups are more likely to be
oxidized to the azoxy or N-oxide species, respectively [20]. Based on this formulation, we examined
varying coolants, including magnesium carbonate hydroxide pentahydrate (MCHP), sodium
bicarbonate (NaHCO3) and sodium carbonate (Na>COs), to give formulations A, B and C respectively

(Table 1). Unfortunately all three formulations burned with an open flame after ignition and no
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further white smoke production was observed. This behaviour indicated that excessively high
temperatures were produced and might be explained by the difference in configuration compared
to a full scale smoke grenade. The thermal environment within a conductive steel grenade canister
is quite different to a bare pellet. Another reason might be the chemicals themselves. Fish and
Chen [21] reported a study performed on six samples of magnesium carbonate received from
different suppliers. One of the samples was identified as magnesite, while the other five were
identified as hydromagnesite. Within those five similar samples, three were morphologically
different. Fish and Chen proposed that these differences can affect pyrotechnic performance. For

these reasons, in the work presented here, we were only able to compare the performance of the

developed formulations with each other.

Table 1. Baseline TA formulation with varying coolants?

Stearic

KCIO3 Sucrose TA MgCOs3 MCHP NaHCOs3 | Na;COs3 _
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%) [wt.%] actd

[wt.%]

base- 23 14 57 3 - - - 3
line mix

A 23 14 57 - 3 - - 3
B 23 14 57 - - 3 - 3
C 23 14 57 - - - 3 3

a) In these formulations, 1 wt.% PVA was added in excess to all formulations, making the total to 101 wt.%.

All four reference formulations (Table 1) only differ in the coolant applied. KClOs/sucrose is the
oxidizer/fuel pair and generates the necessary heat to vaporize the TA. The coolant is applied to
keep the burning temperature in the desired range and prevents thermal degradation of TA. Stearic
acid is used as a processing aid, burning rate modifier and dry binder. PVA serves as a binder that
can optionally be used to granulate the compositions if it is applied as a concentrated aqueous

solution. However, in these studies, all the components were prepared and mixed in a dry state.
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Table 2. Developed TA formulations containing 5-AT?®

Stearic
KCIO3 Sucrose MCHP NaHCO3 5-AT
TA [wt. %] acid
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
[wt.%]
1 22.8 13.8 41.6 3.0 - 3.0 14.8
2 22.8 4.9 56.4 3.0 - 3.0 8.9
3 22.8 - 56.4 - 3.0 3.0 13.8
4 22.1 - 51.9 - 5.8 2.9 16.3

a) In these formulations, 1 wt % PVA was added in excess to all formulations, making the total to 100 wt.%.

5-AT was applied as an additional fuel and gas generator with the intention of improving smoke

dispersion and efficiency. This strategy was successfully applied in previous work dealing with

coloured smoke formulations [19]. Both the mentioned coloured smoke formulations and the TA

smoke composition rely on the same sublimation/recondensation mechanism. Formulations 1-4

used 5-AT in different amounts, in the range of 9-16 wt.% (Table 2). Additionally formulations 3

and 4 contained 5-AT as the main fuel, in place of sucrose. Two different coolants, MCHP and

NaHCO3s, were applied.

For smoke devices with similar burning times, differences in the visual obscuration performance

depend on the properties and the amount of smoke (aerosol) produced [1]. White pigments with

high refractive indices would provide the best obscuring properties, however it is very difficult to

effectively disperse TiO,, for example, to achieve a long-duration aerosol cloud [22].

Table 3. Energetic properties of the developed TA smoke compositions

FS [N] 1S [J] ESD [J] Tonset [°C]
A 360 40 1.5 178
B 360 35 1.0 174
C 360 35 0.9 175
1 360 35 1.0 164
2 360 40 1.0 158
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3 360 35 1.0 172

4 360 40 0.9 175

Legend: FS=friction sensitivity, IS=impact sensitivity, ESD =electrostatic discharge sensitivity, Tonset=thermal

decomposition given as the onset point.

All of the tested formulations were insensitive towards friction and only slightly sensitive towards
impact (Table 3). Regarding the ESD sensitivity, all formulations were in the range of 0.9-1.5 J, with
formulation C having 0.9). The onset temperature of all of the formulations was in the range of
158-178 °C (see supporting information for DTA evaluation of the formulations, as well as single
components). The observed burning times of formulations 1-4 were in the range of 26-33s
(Table 4). With the exception of formulation 2 (33 s), all of the other formulations had similar

burning times.

Table 4. Visual obscuration data for 2 g pellets

Average
BT transmittance SD RH
[s]? (555 nm) (555 nm)° [%]¢
over time®
1 28 0.585 0.026 26.6
2 33 0.531 0.041 25.0
3 28 0.216 0.023 23.1
4 26 0.228 0.011 23.0

a) burning time; b) average of collected transmittance values at 555 nm over time for all pellets; c) standard

deviation; d) relative humidity.

For the reasons described earlier, it was only possible to compare the formulations with each other

and not to the intended reference formulations.
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t=20s t=25s

Figure 1. Burning of a 2 g pellet of formulation 4

In formulations 1 and 2, both 5-AT and sucrose were applied as fuels, with 1 having the higher 5-AT
content but less TA. Alternatively, 5-AT was applied as the main fuel in place of sucrose in
formulations 3 and 4 (Figure 1). These formulations differ in the 5-AT/coolant/TA content ratio, but

showed nearly the same burning time.

The transmittance (555 nm) over time of formulations 1 and 2 changed dramatically (Figure 2). We
observed a steady increase of transmittance from 18 to 87% (1) and 23 to 75% (2) over 6 min of
measurement. By contrast, the transmittance over time for formulations 3 and 4 remained quite
constant (15-23% and 19-25% respectively). In general, the average transmittance over time of 3

and 4 was the lowest observed in all of our tests (Table 4).
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Figure 2. Transmittance (555 nm) over time for a representative pellet of each composition

These results have important implications regarding the effective dispersal and persistence of
pyrotechnically generated smoke. Surprisingly, relatively minor changes to the compositions can
markedly influence the measured opacity of the resulting smoke clouds over time. This is despite
the fact that the initial equilibrated transmittance values are quite similar in several cases. Steadily
increasing transmittance values indicate sedimentation of smoke particles. This may be due to
larger particles having been formed initially, or to agglomeration of the particles over time.
Notably, the compositions containing 5-AT as the main fuel, and no sucrose, displayed the lowest
transmittance values over time, and remained stable over the entire measurement period. This
suggests that certain formulations containing 5-AT are able to produce a thick, yet well-dispersed

aerosol that is quite persistent and resistant to sedimentation.

Interestingly, measurements of the yield factor (Y) indicate that formulations 3 and 4 do not

produce alarger amount of aerosol (see additional aerosol quantification in the supporting
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information section). This implies that the improved performance, in this case, is the result of other
aerosol properties, the investigation of which is beyond the scope of this particular report. Itis also
apparent that the performance of the compositions is not directly related to, or controlled by, the
TA content (as a comparison of formulations 2 and 4 demonstrates). However, it is clear that
sucrose is not required in the compositions and 5-AT can be used instead, in similar amounts.
Finally, the behaviour of formulations 3 and 4 suggests that in future work, 5-AT should be

investigated as the main fuel in a variety of sublimation/condensation-type smoke systems.

4 Conclusions

The development of four new white smoke formulations based on TA was reported. All
formulations were characterized by means of IS/FS/ESD/Tonset as well as their obscuration
properties (transmittance). The low sensitivity towards physical stimuli is a promising fact for safe
handling and manufacturing. In two out of the four formulations, a fuel mixture of 5-AT and
sucrose was applied. Applying 5-AT as the main fuel resulted in the two best performing
formulations, 3 and 4, in terms of transmittance values and this provides a reason to explore 5-AT
as the main fuel in other smoke formulations. Furthermore the behaviour of these two
formulations suggests that a higher amount of 5-AT can compensate for a reduced amount of TA,
resulting in the same transmittance values. Firm answers regarding the performance in actual
devices can only be obtained once the compositions are tested on a larger scale in representative
configurations. This includes a comparison to the M83 TA white smoke grenade in a full-scale test.
In future work, the characterization of the aerosols produced by selected compositions, as well as
determination of the aerosol particle size distribution should be performed. A scanning mobility

particle size spectrometer (SMPS) may be appropriate for these investigations.
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Supporting Information

The transmittances (555 nm) over time values are presented for each formulation (Fig. 1 — 4). For

each formulation at least 4 pellets were tested (Table 1). The data points were recorded starting

from t = 0 s every 20 s for 6 min. For every pellet, the average of recorded data points is calculated

and further averaged with all pellets from one formulation. The obtained value is called “average

transmittance (555 nm) over time” and used for comparison of the different smoke formulations.

Table 1. Transmittance (555 nm) over time for each formulation

Average transmittance  Standard
Pellet 1 Pellet 2 Pellet 3 Pellet 4
(555 nm) over time® deviation
1(79) 0.56257 0.62138  0.56954 0.5848 0.585 0.026
2 (82) 0.51710 0.55267 0.57401  0.48019 0.531 0.041
3 (347) 0.20015 0.19131  0.23536  0.23591 0.216 0.023
4 (350) 0.23167 0.22645  0.21456  0.24005 0.228 0.011

Annotation: a = average of collected transmittance values at 555 nm over time for all pellets
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The plots show the transmittance (555 nm) over time for each formulation. The y-axis shows the
transmittance [%)], the x-axis gives the time [s]. The exact mass of each pellet [g] is depicted in each

graph (e.g. 1.9913 g, 2.0350 g, 2.0800 g, 2.0941 g in Fig. 1).
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Figure 1. Transmittance (555 nm) over time of formulation 1
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Figure 4. Transmittance (555 nm) over time of formulation 4

Table 2. Averaged burning time of tested formulations

Formulation Burning time [s] Standard deviation [s]
1 28 1
2 33 3
3 28 1
4 26 1

Determination of the yield factor

The experimental setup was described earlier in following journal [A]:

[A] J. Gllck, T. M. Klapotke, M. Rusan, A. P. Shaw, Propellants., Explos., Pyrotech. 2017, 42, 131-141.
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Table 3. Yield factor of tested formulations

Formulation Yield factor Standard deviation Relative humidity [%]
1 0.274 0.028 66
2 0.309 0.053 61
3 0.237 0.014 61
4 0.229 0.039 63

Annotation: Yield factor = mass of aerosol/mass of pyrotechnical payload

The quantification of the aerosol revealed that formulation 1 and 2 produced more aerosol

compared to the sugar-free formulations. Since the recorded transmittance values show a better

performance for formulation 3 and 4, it may be concluded that the either a higher degree of

dispersion or different resulting combustion products are responsible for this behavior. A higher

amount of aerosol, neglecting the resulting particle size or degree of dispersion, is therefore no

guarantee for a better performance.




Chapter 3

Differential Thermal Analysis (DTA) of tested formulations (Fig. 5 -8):
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Figure 7. DTA (5°C/min) of formulation 3
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Figure 8. DTA (5°C/min) of formulation 4

All DTA graphs showed an endothermic peak in the range of 60 — 80°C which might be correlated to
stearic acid (see Fig. 14). Formulation 1 and 2 (see Fig. 5/6) showed an exothermic peak for sucrose
in the range of 160 — 200 °C. In contrast, formulation 3 and 4 (see Fig. 7/8) did not conatin this peak.
The exothermic peak at 220 °C can be correlated to 5-aminotetrazole (see Fig. 10). The DTA of
terephthalic acid (TA) showed no decomposition point, but a strong endothermic behavior starting

from 330 °C (see Fig. 12).

Differential Thermal Analysis (DTA) of single components (Fig. 9 — 16):

Figure 9. DTA (5°C/min) of KCIO3
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Figure 12. DTA (5°C/min) of terephthalic acid
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Figure 15. DTA (5°C/min) of MCHP
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Figure 16. DTA (5°C/min) of NaHCOs, measurement started at elevated temperatures (60 °C), no decomposition

before 60 °C
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3.3 5-Amino-1H-Tetrazole-Based Multi-Coloured Smoke Signals Applying the

Concept of Fuel Mixes

Published in New. J. Chem. 2018, 42, 10670-10675. (DOI: 10.1039/C8NJ01786G) - Reproduced by
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche
Scientifique (CNRS) and the RSC

The development of sugar-free multi-coloured smoke formulations, so-called fuel mixes is reported.
These simple four ingredient-based mixtures of dye, potassium chlorate, 5-amino-1H-tetrazole and
a magnesium carbonate derivative are able to produce a variety of colours by applying the same
pyrotechnical system. All components except the dye are pre-mixed; the dye is added in the final
step. Based on previous results which indicated an overall higher smoke performance in terms of
efficiency and persistence by applying 5-amino-1H-tetrazole as fuel in smoke formulations, we
developed new coloured smoke formulations. For big producers as well as consumers, the concept
of fuel mixes is an effective way to reduce costs and provide a higher degree of safety. In this

article, the focus was on dyes applied in the U.S. M18 coloured smoke grenades

Introduction

Coloured smoke signals are a non-electronic communication tool for both ground as well as
ground-to-air signalling.™y] During daytime, the big benefit compared to light-emitting signals
is the high visibility over greater distances, when employed against a terrain background of
contrasting colour.’® |n this context, the most perceptible colour contrast displaying
optimum visibility at a considerable distance is offered by red, green, yellow and violet,
thereby creating great research interest.!”l A rather new segment in the market for coloured
smokes is the so-called daylight firework.B3 Similar to classical firework displays at night,
these formulations create visible effects such as smoke trails or fountains at daytime.
Daylight fireworks might be used for any daytime events like sport competitions, religious
celebrations and cultural events like museum openings.®! So far, the biggest consumer of
smoke signals still remains the military sector. For decades, coloured smoke signals are

valuable in the military for marking unit flanks, target locations, drop zones, and medical
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evacuation landing sites.[*? 1@ 41 This also includes marine distress signals, which are an
essential part of any safety equipment inventory in the shipping industry as well as sport
activities.’! For both civilian and military application, the formulation compounds remain
the same. Typically, smoke-generating compositions consist of an oxidizer/fuel pair
providing the heat to vaporize the dye.!®! The coolant keeps the reaction temperature in the
desired range, while other additives may be used to modify the mechanical or burning
properties.”]  Historically, the old M18 coloured smoke grenades contained an
anthraquinone-based dye mixed with sulfur, potassium chlorate and sodium bicarbonate.
Further, an optional amount of refined kerosene and tricalcium phosphate for control of

dusting and caking could be added.®

Oxidizer || Fuel || Coolant
- T I

Fuel Mix

Figure 1: The concept of fuel mixes.

However, due to toxicity and health issues, these smoke compositions are no longer
produced, since they are suspected to release hazardous SO; during combustion. An
indication for this is provided by soldiers perceiving a burning sensation in their lungs when

inhaling such smoke.[%
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For this reason, these early smoke signals, which were already applied during the
World War |l era, do not meet today’s environmental demands anymore and are therefore
under constant evaluation for reformulation.> ° Sugar was considered as a less toxic
alternative to the widely applied sulfur-containing formulations.[®> 01 Compared to the
former produced sulfoxides, the now resulting combustion products derived from sugars

contain only harmless H,0 and CO,.[4d

A look in the literature revealed, that there is only a limited number of information provided
about the percentage of dye actually sublimed upon combustion of the signal.l!*l The
guestion arises, whether it is possible to apply alternative fuels, which might improve the
smoke dispersal, efficiency, and persistence. As a consequence, the amount of hazardous
dyes could be reduced to its minimum, while providing the same colour impression.
Unfortunately, each coloured smoke dye has a different enthalpy of sublimation affecting
the resulting behaviour and performance of a coloured smoke formulation.[d For this
reason, up to now every single dye needs its own optimized pyrotechnical formulation to
meet the requirements for burn time and colour quality. A possible solution to this
circumstance might be the development of so-called fuel mixes (Fig.1).#®] Essentially,
fuel mixes are combinations of certain components such as the oxidizer/fuel pair and
further, other additives like coolant or minor fuels. These ingredients are pre-mixed and

subsequently combined with a smoke dye.

The great benefit for producers and consumers is that the need to have a certain number of
different smoke formulations in stock serving each colour is gone. In comparison to the
conventional smoke signals, the quick-mixing of only two pre-mixed powders (fuel mix + dye) with
known quality produces the desired smoke colour. As a result, not only the required space for safe
storage is reduced dramatically, but also the total amount of energetic materials stored in the same
place drops accordingly. Based on previous work carried out within our group, we investigated the
effect of applying 5-amino-1H-tetrazole (5-AT) as main fuel in so-called fuel mixes.*Y] Hereby, the
main combustion product of the fuel would be N2 The slightly higher decomposition

temperature compared to sucrose allowed the application as alternative fuel. The small
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temperature difference itself might be partially explained by the existence of non-oxidized bonds in
5-AT. KCIOs; in combination with 5-AT served as the oxidizer/fuel pair; magnesium carbonate
hydroxide pentahydrate (MCHP) was the coolant. Most of the applied dyes belong to the
anthraquinone group. Disperse Red 9 ((1-methylamino) anthraquinone) was applied for red,
Solvent Green 3 (1,4-di-p-toluidino-9,10-anthraquinone) for green and Solvent Yellow 33 (2-(2-
quinolyl)-1,3-indandione) for vyellow. Moreover, to obtain a violet smoke signal the
Violet Smoke Dye Mix consisting of the two dyes Disperse Red 9 and Solvent Violet 47 (1,4-diamino-
2,3-dihydroxyanthraquinone) were applied.*!

In a first step different ratios of the pre-mixed powders (oxidizer + fuel + coolant = fuel mix)
and the dye were tested to give a coloured smoke cloud. The second step focused on
adapting the colour. Diviacchi stated earlier, that the actual colour impression of the
emerging smoke may be different from the labelled colour.[*®! To overcome this issue, we
applied a dye mixture in case the colour was too dark or brighter than intended. The focus
of the herein presented results was on the dyes applied in the U.S. M18 coloured smoke
grenades and mixtures thereof.[*3] At this point, we were not interested in investigating the
toxicity issues arising from the dyes or resulting combustion products.[4 8% 13-14] |nstead, we
developed three different 5-AT-based fuel mixes (FM1, FM2, FM3) and compared them
towards a sucrose-based reference formulation (Ref-FM) of the same dye in terms of
performance and smoke persistence. HPLC measurements were carried out to quantify the

effective amount of dye present in the collected aerosol.

Experimental

Chemicals and Sample Preparation. Sucrose (=99 %), and magnesium carbonate hydroxide
pentahydrate (BioXtra) were purchased from Sigma-Aldrich. 5-AT (98 %) was purchased
from abcr chemicals. Potassium chlorate (=299 %) was purchased from Grissing GmbH.
Disperse Red 9, Solvent Green 3, Solvent Yellow 33 and the Violet Mix Smoke Dye were
purchased by Nation Ford Chemical. For initial testing, small mixtures (2 g) were carefully
mixed manually for 5 min in a mortar by combining the dry compounds. If those tests were
successful, larger mixtures (40 g) were prepared by combining the dry components in a

cylindrical rubber barrel and rolling for 120 min. The rotatory rock tumbler (model 67631)
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was built by “Chicago Electric Power Tools” and operated with steel balls. To remove any
clumps, the compositions were passed through an 800 um screen. 2 g of this so prepared
composition was pressed into a cylindrical steel compartment (diameter 2.0 cm), with the
aid of a tooling die and a hydraulic press. The used consolidation dead load of 3000 kg was
applied for 3s, if not stated otherwise. Each pellet was ignited using a resistance heating
Kanthal® Al wire (FeCrAl, 0.8 mm diameter, 2.9 Q m™2). For each composition, three pellets
were tested and the results were averaged.

Aerosol Quantification. The experimental setup to collect the aerosol was described
previously.[*¥l A Thermo Scientific™ DIONEX™ UltiMate™ 3000 HPLC System (accucore RP-
MS column (3.0 x 150.0 mm, particle size 2.6 um) with a DAD-3000 photometer and
Chromeleon® 7.2 Chromatography Management Software was used to quantify the amount
of dye (see ESI for exact method). The measurements were performed in cooperation with
the CBRN Defense, Safety and Environmental Protection School of the German Bundeswehr
(CDSEP-School), Sonthofen (Germany).

Burn Rate. The testing protocols as well as pellet sizes are given in the ESI. However, we were facing
serious problems to determine the burn rate at different pellet sizes. Some formulations which
produced smoke on a rather small height/diameter ratio burned with an open flame at higher
height/diameter ratios. The collected data for two different pellet sizes is provided in the ESI.
Sensitivities and Thermal Stability. The impact and friction sensitivities were determined
using a BAM Drophammer and a BAM Friction Tester (method 1 of 6). The sensitivities of the
compositions are indicated according to the UN Recommendations on the Transport of
Dangerous Goods (+): impact: insensitive > 40 J, less sensitive = 35 J, sensitive >4 J, very
sensitive < 4 J; friction: insensitive > 360 N, less sensitive = 360 N, sensitive 360 N >x >80 N,
very sensitive < 80 N, extreme sensitive < 10 N.[*®1 Thermal stability measurements. Onset
temperatures were measured with an OZM Research DTA 552-Ex Differential Thermal
Analyzer at a heating rate of 5 °C min™. Electrostatic discharge was measured with an OZM

small-scale electrostatic spark X SPARK 10. ESD: sensitive < 0.1 J, insensitive > 0.1 J.

Results and Discussion
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Development of Coloured Smokes. A suitable starting point to fulfil the concept of fuel mixes
is an exactly stated testing protocol as outlined by Domanico (see ESI).*? Due to the existing
differences in terms of physical behaviour and chemical stability, a screening of several
different fuel mix ratios was performed. Therefore, the amount of dye (30 %) was fixed,
while the remaining 70 % was the respective fuel mix. The first step of this presented study
was the investigation of working smoke compositions for each dye separately. Subsequently,
the optical performance evaluation included the emerging colour impression, smoke
thickness as well as burning behaviour. The most advanced formulations were selected for
further testing and evaluation, such as yield, burn time and rate, transfer rate and sensitivity
towards mechanical stimuli as well as thermal stability (Table 1). A fuel mix might be more
sensitive than the final coloured smoke formulation. To ensure safe handling in every single
manufacturing step, e.g. the mixing and grinding of fuel mixes starting from the single
components or the final coloured smoke formulations, the sensitivities have to be

determined also for all intermediate steps.

The most promising fuel mixes for further characterization are illustrated within a ternary
diagram (Fig. 2). The first fuel mix FM1 consisted of 50 wt% 5-AT, 30 wt% KCIOs; and 20 wt%
MCPH and therefore, contained the highest amount of oxidizer. FM2 had a ratio of 50 wt%
5-AT to 20 wt% KCIOs to 30 wit% MCPH and FM3 had the highest amount of the fuel 5-AT
(60 wt%) and equal contents of KCIO3 and MCPH (20 wt%). The reference fuel mix Ref-FM
contained 40 wt% sucrose, 40 wt% KCIO3 and 20 wt% MCPH (see ESI for a complete listing of
formulation ingredients and weight percentages). Further, the properties of the resulting

coloured smoke formulations based on these fuel mixes are summarized in Table 1.
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Figure 2: Developed fuel mixes. FM1 = 5-AT (50 wt%), KCIOz (30 wt%), MCHP (20 wt%); FM2 = 5-AT
(50 wt%), KClO3 (20 wt%), MCHP (30 wt%); FM3 = 5-AT (60 wt%), KCIOs (20 wt%), MCHP (20 wt%); Ref-FM
= sucrose (40 wt%), KClOs (40 wt%), MCHP (20 wt%). See Table 2 and Table 3 for a complete listing of

formulation ingredients, weight percentages and the ESI for brief explanation of the triangle diagram.

Properties of Coloured Smoke Formulations. In this context, formulations Y1, G1, R1 and V1
were referred to FM1, while FM2 was the basis for Y2, G2, R2 and V2. The compositions Y3,
G3, R3 and V3 were based on FM3 and fuel mix Ref-FM resulted in coloured reference

formulations.
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Table 1: Properties of yellow-, green-, red- and violet-coloured smoke formulations based on fuel mixes FM1, FM2,

FM3 and Ref-FM.

BT /s Y /% T% /% Muprc /Mg ESD /) Tonset /°C
Y1 15 29 59 354 1.0 184
Y2 26 21 56 233 0.4 189
Y3 29 30 49 292 0.5 187
Ref-Y 13 33 73 435 0.3 178
G1 20 36 - - 0.4 192
G2 45 24 - - 0.2 198
G3 31 31 - - 0.5 194
Ref-G 19 32 - - 0.2 172
R1 20 29 76 457 0.5 184
R2 75 25 58 351 0.7 182
R3 41 28 72 432 0.5 189
Ref-R 21 36 86 514 0.6 172
Vi 23 29 - - 0.2 182
V2 27 26 - - 0.3 186
V3 27 29 - - 0.3 180
Ref-V 15 32 - - 0.7 178

Annotation: measured for 2.0 g pellet; BT = burn time; Y = yield; T% = transfer rate; mupic = dye content present in
aerosol; ESD = electric discharge sensitivity; Tonset = Onset temperature of decomposition; impact sensitivity = 40 J
for all measured formulations (only Ref-G/Ref-V = 30 J); friction sensitivity = 360 N for all measured formulations;

see ESI for summary of all determined properties.

In detail, FM1- and Ref-FM-based formulations resulted in rapid, strong smoke generation,
while FM2- and FM3-based compositions produced smoke continuously over a longer
period of time. This trend was also reflected in terms of burn time (FM1 or Ref-FM: 12-23 s
compared to FM2 or FM3: 26-45 s) as well as burn rate. An exception was R2 with the
overall longest burn time of 75 s. All tested coloured smoke formulations were insensitive

towards impact and friction except of Ref-G and Ref-V, which were classified as less
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sensitive. Moreover, all compositions were insensitive towards electrostatic discharge. The

decomposition temperatures were in the range of 172-198 °C.

Table 2: Yellow- and green-colored smoke formulations based on fuel mixes FM1, FM2, FM3 and Ref-FM in weight

percent [wt%].

Y1l Y2 Y3 G1 G2 G3 Ref-Y Ref-G
KCIO3 21 14 14 21 14 14 28 28
5-AT 35 35 42 35 35 42 - -
MCHP 14 21 14 14 21 14 14 14
Sucrose - - - - - - 28 28
Solvent Yellow 33 30 30 30 10 10 10 30 10
Solvent Green 3 - - - 20 20 20 - 20

Table 3: Red- and violet-colored smoke formulations based on fuel mixes FM1, FM2, FM3 and Ref-FM in weight

percent [wt%].

R1 R2 R3 V1 V2 V3 Ref-R Ref-V
KClOs 21 14 14 21 14 14 28 28
5-AT 35 35 42 35 35 42 - -
MCHP 14 21 14 14 21 14 14 14
Sucrose - - - - - - 28 28
Disperse Red 9 30 30 30 - - - 30 -
Violet Smoke Dye Mix - - - 30 30 30 - 30

The measurements of all coloured smoke formulations and their references were carried out
on approximately similar humidities (see ESI). More precisely, the performance and in
particular the yield Y of hygroscopic smoke mixtures is strongly dependent on the relative
humidity, since at higher humidity levels higher yields are obtained.[*!? |t is noticeable, that
the yield of FM2 was significantly worse for all tested dyes in the range of 21-26 %. In

contrast, formulations based on FM3 were approximately as efficient as FM1 (28—31 %) with
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the exception of G1 (36 %). However, the yield of Ref-FM-based smoke compositions was

slightly higher for yellow, red and violet smoke in the range of 32—-33 %.

It has to be stated, that not all produced aerosol disseminated by coloured smoke
formulations is in fact the implemented dye. More precisely, the term aerosol describes the
total amount of produced non-gaseous reaction products including soot, water, dye and all
other resulting combustion products. Whereas the information about the collected aerosol
is sufficient for obscurants to calculate the yield (quotient between the amount of collected
aerosol divided by the pyrotechnical payload), we were interested in the exact amount of
dye present in the aerosol. The so-obtained values were used for the calculation of the
previously introduced term of the “transfer rate” by the authors (quotient between the
amount of actually dispersed dye divided by the amount of dye in the pellet).[*!2]l Dye which
remains in the pyrotechnical device or is consumed by the flames does not contribute to the
optical performance. The optimized ratio between the amount of applied dye and
successfully dispersed dye would contribute to a more sustainable material life-circle, since
less unburned material is spread into the environment. Due to the high solubility in organic
solvents, HPLC analysis of the collected aerosol was performed and revealed the dye

concentration in the aerosol (Table 1).

Discussion Transfer Rate / HPLC
HPLC measurements revealed a transfer rate of 49—73 % for the yellow smoke formulations.

Ref-Y based on sucrose achieved the highest transfer rate, followed by Y1 with 59 %.

Compared to the yellow smoke compositions, an increase of the transfer rate was observed
for the red dye. Formulations R1-R3 and Ref-R displayed transfer rates in the range of 58—

86 %. Here again, the sucrose-based fuel mix achieved the best value followed by R1.

A change of the solution colour was observed for the violet dye mix in acetonitrile upon
measurement. Re-running the measurements in darkened glass showed the same result

displaying additional peaks. It was concluded, that the dye mix is not stable in solution and
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was therefore excluded from the HPLC measurements. The green formulations applying a
mixture of two dyes proofed to be more difficult than expected and will be addressed in the

future.

Properties of Fuel Mixes. The characterization of sensitivity data is mandatory for producers
as well as consumers, since the handling, preparing and in particular storing of such
fuel mixes need to be safe. Therefore, the sensitivities were determined additionally for the

novel fuel mixes (Table 4).

Table 4. Sensitivity data of fuel mixes FM1, FM2, FM3 and Ref-FM.

IS /) FS /N ESD /J Tonset /°C
FM1 6 252 1.5 331
FM2 20 360 0.3 342
FM3 20 360 0.1 337
Ref-FM 20 360 1.5 172

Annotation: IS = impact sensitivity; FS = friction sensitivity; ESD = electric discharge sensitivity; Tonset = onset

temperature of decomposition.

In detail, the tested fuel mixes were sensitive towards impact, where the impact sensitivity of FM1
was comparatively higher with 6 J. It is literature known that higher amounts of KCIO3 lead to higher
sensitivities. Besides that, the exothermic decomposition process of KCIO3 causes an acceleration to
the rate of reaction.[®! In contrast to this, FM2, FM3 and Ref-FM were classified as insensitive
towards friction, while FM1 was sensitive. All samples were insensitive towards electrostatic
discharge except of FM3 reaching the transition between sensitive and insensitive material. The
onset temperatures of decomposition of 5-AT-based fuel mixes were significantly higher in the
range of 331-342 °C in comparison with the sucrose-based reference Ref-FM (172 °C). Therefore,
these fuel mixes are potentially sensitive energetic materials and must be handled with care and

caution.[10]
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Conclusions

The successful demonstration of 5-AT-based fuel mixes to produce green, yellow, red and
violet smoke is presented. The developed formulations revealed that non-traditional high-
nitrogen fuels can produce smoke of high colour quality. More precisely, FM1-based
mixtures resulted in a rapid, strong smoke generation in a short time, while FM3-based
compositions were characterized by a slow, continuous smoke generation over a much
longer period of time. 5-AT is only one of the potential candidates, which should be
considered for future investigations. Sensitivity measurements revealed that all developed
formulations are insensitive towards friction. In addition, all developed 5-AT-based coloured
smoke formulations are completely insensitive towards impact. The fuel mixes were more
sensitive towards mechanical stimuli. A comparison of the collected aerosol revealed similar
yields for FM1-based and sugar-based formulations. The superiority of prepared sugar-
based reference formulations was displayed by the measured transfer rates. The obtained
baseline (yield, transfer rate) are the first literature-reported values for sugar- and 5-AT-
based coloured smoke formulations. Future investigations in our group will focus on
providing even more coloured smoke formulations, e.g. blue and black, applying the same
fuel mixes. To secure a proper evaluation, new strategies to characterize aerosol produced

by a mixture of two dyes (e.g. green dye mix) has to be established.
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Supporting Information

1. Explanation of Triangle Diagrams
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Figure 1: Triangle diagram and how to read it.

The illustration within a triangle diagram (Fig. 1/Fig. 2) is a powerful tool to summarize the
results of all kind of pyrotechnical formulations. In detail, this diagram includes three axes
representing three different components from 0 to 100 %. Every point defines an unique
ratio of the components applied. Since the reading direction is unintuitive for diagrams with
three axes, it is marked with red lines in (Fig. 1) for a mixture containing 50 % of
component 1, 30 % of component 2 and 20 % of component 3. Therefore, it is mandatory
that the percentages of all three components results in 100 %. The artificial lines at the scale
of every axe additionally support the given reading direction. Triangle diagrams offer
promising advantages for pyrotechnics. They can discover hidden trends and relationships
between different ratios of components, and for this reason, lead quickly to an optimum
pyrotechnical formulation. A more detailed explanation and study exercises is given by
Kosanke (K. L. Kosanke, B. J. Kosanke, Selected pyrotechnic publications of K. L. and B. J.
Kosanke, Journal of Pyrotechnics, Whitewater, CO, USA, 1995).
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2. Testing Protocol

Figure 2: Triangle diagram of initial burning tests.

100

25

Fuel

75

7
100

The testing protocol includes eight preliminary fuel mixes for initial burning tests. Therefore,

the resulting smoke formulations have a fixed amount of 30 % dye, while the remaining

70 % is one of the specific fuel mixes consisting of various ratios of oxidizer, fuel and coolant

(Fig. 2). A more detailed explanation and study exercises is given by Domanico (J. A.

Domanico, Using a Standard Testing Protocol to Qualify Candidate Low Toxicity Colored

Smoke Dyes, 35th International Pyrotechnics Seminar, Fort Collins, CO, USA, 2008).

3. Aerosol Determination

The arising aerosol of four pellets (2.0 g) per formulation was collected and averaged.

Table 1: Aerosol of yellow-, green, red- and violet-colored smoke formulations based on fuel mixes FM1, FM2, FM3

and Ref-FM.
Yl Y2 Y3 G1 G2 G3 Ref-Y Ref-G
Aerosol /g 0.584 0.418 0.593 0.720 0.486 0.636 0.670 0.642
R1 R2 R3 Vi V2 V3 Ref-R Ref-V
Aerosol /g 0.499 0.590 0.574 0.575 0.522 0.578 0.729 0.652




Chapter 3

4. Smoke Characterization

Table 2: Properties of yellow-, green, red- and violet-colored smoke formulations based on fuel mixes FM1, FM2,

FM3 and Ref-FM.

BT/s BR/gs' Y/% RH/% T%/% muc/mg 1S/) FS/N ESD/) T/Ct
Y1 15 034 29 26 59 354 40 360 1.0 184
Y2 26 0.10 21 23 56 233 40 360 0.4 189
Y3 29 0.10 30 33 49 292 40 360 0.5 187
RefY 13 043 33 29 73 435 40 360 03 178
G120 032 36 33 - _ 20 360 04 192
G2 45 0.08 24 34 - - 40 360 0.2 198
G3 31 0.12 31 33 - - 40 360 0.5 194
Ref-G 19 0.41 32 28 - - 30 360 0.2 172
R1 20 0.29 29 29 76 457 40 360 0.5 184
R2 75 0.07 25 28 58 351 40 360 0.7 182
R3 41 0.07 28 29 72 432 40 360 0.5 189
RefR 21 029 36 28 86 514 40 360 0.6 172
vi 23 028 29 28 - _ 20 360 02 182
V2 27 0.07 26 26 - - 40 360 0.3 186
V3 27 0.08 29 29 - - 40 360 0.3 180
RefV 15 043 32 28 - _ 30 360 07 178

Annotation: measured for 2.0 g pellet; BT = burn time; BR = burn rate (10.0 g pellet); Y = yield; RH = relative
humidity; T% = transfer rate; mupic = dye content present in aerosol; IS = impact sensitivity; FS = friction sensitivity;

ESD = electric discharge sensitivity; Tonset = onset temperature of decomposition.

The solution of violet smoke dye mix in acetonitrile already degraded during measurement.
A change of the coloured solution was observed within a few hours. The green formulations

applying two dyes will be addressed in the future.
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5. Aerosol Determination
The arising aerosol of four pellets (2.0 g) per formulation was collected and averaged.

Table 3: Aerosol of yellow-, green, red- and violet-colored smoke formulations based on fuel mixes FM1, FM2, FM3

and Ref-FM.

Y1 Y2 Y3 Gl G2 G3 Ref-Y Ref-G

Aerosol /g 0.584 0.418 0.593 0.720 0.486 0.636 0.670 0.642

R1 R2 R3 Vi V2 V3 Ref-R Ref-V

Aerosol /g 0.499 0.590 0.574 0.575 0.522 0.578 0.729 0.652

6. HPLC strategy
A Thermo Scientific™ DIONEX™ UltiMate™ 3000 HPLC System (accucore RP-MS column
(3.0 x 150.0 mm, particle size 2.6 um) with a DAD-3000 photometer and Chromeleon® 7.2
Chromatography Management Software was used to quantify the amount of dye. The single
component devices were: SRD-3400 4-channel Degaser Eluenten-Rack, HPG-3400SD
Gradient Pump, WPS-3000TSL (Analytical) Autosampler, TCC-3000SD Column oven.

Mobile Phase: Eluent A = water/acetonitrile (95/5), eluent B = water/acetonitrile (5/95).
Gradient: 0 min (50 % A), 5 min (0 % A), 8 min (0 % A), 14 min (50 % A).

Flow rate: 0.3 mL min!

Injection volume: 5 plL

DAD: 220 nm, 250 nm, 3D-area: 190-800 nm

Column temperature: 30 °C

Sample temperature: 20 °C

7. Burnrate

Compositions were pressed into cardboard tube for burn rate studies. The cardboard rolls,

cylindrical and open on both ends, had a 2.5 cm inner diameter, 3.0 cm height, and a

1.6 mm wall thickness. The compositions (10.0 g) were pressed with a consolidation dead
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load of 3.0t for 10.0s. The pellets were ignited at the top using a resistance heating
Kanthal® A1 wire (FeCrAl, 0.8 mm diameter, 2.9 Q m™). Upon testing of formulations with 3
g pyrotechnical payload and cylindrical pellet sizes of 1 cm diameter and 2.8 cm height,
some of those formulations burned with an open flame and produced no smoke anymore.
The so obtained values should be treated with care, since a lot of factors such as the surface,
pressure, humidity and the pellet size influence the observed burn rate. Large deviations are

obtained for different pellet sizes/payloads (Table 4).

Table 4: Burn rate of yellow-, green, red- and violet-colored smoke formulations based on fuel mixes FM1, FM2,

FM3 and Ref-FM.

BT /s BR /g st BR /gs? BT /s
10 g pellets 10 g pellets 3 g pellets 3 g pellets

Y1 15 0.34 0.10 25
Y2 26 0.10 flame n.d.
Y3 29 0.10 flame n.d.
Ref-Y 13 0.43 0.08 37
G1 20 0.32 0.09 38
G2 45 0.08 n.d. n.d.
G3 31 0.12 n.d. n.d.
Ref-G 19 0.41 n.d. n.d.
R1 20 0.29 n.d. n.d.
R2 75 0.07 n.d. n.d.
R3 41 0.07 n.d. n.d.
Ref-R 21 0.29 n.d. n.d.
V1 23 0.28 n.d. n.d.
V2 27 0.07 n.d. n.d.
V3 27 0.08 n.d. n.d.
Ref-V 15 0.43 n.d. n.d.

Annotation: BT = burn time; BR = burn rate, n.d. = not determined, flame = no smoke formation was observed,

instead the pellet burned with an open flame.
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Figure 3: Burning of Ref-Y and Y2 with a pellet size of 3 g.

8. DTA of tested formulations
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Figure 4: DTA of FM1.
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Figure 5: DTA of FM2.

Figure 6: DTA of FM3.

Figure 7: DTA of Ref-FM.
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Figure 8: DTA of G1.

Figure 9: DTA of G2.

Figure 10: DTA of G3.
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Figure 11: DTA of Ref-G.

Figure 12: DTA of R1.

Figure 13: DTA of R2.
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Figure 14: DTA of R3.

Figure 15: DTA of Ref-R.

Figure 16: DTA of Y1.
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DTA Y2

Figure 17: DTA of Y2.
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Figure 18: DTA of Y3.
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Figure 19: DTA of Ref-Y.
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Figure 20: DTA of V1.

Figure 21: DTA of V2.

Figure 22: DTA of V3.
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Figure 23: DTA of Ref-V.

Figure 25: DTA of 5-AT.
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4. Light-Generating Pyrotechnics

4.1 Metal Salts of 3,3'-Diamino-4,4'-Dinitramino-5,5'-Bi-1,2,4-Triazole in

Pyrotechnic Compositions

Published in Z. anorg. allg. Chem. 2018, Accepted Author Manuscript.
(DOI: 10.1002/zaac.201800179)

Abstract: The synthesis of alkali and alkaline earth salts of 3,3'-diamino-4,4'-dinitramino-5,5'-bi-
1,2,4-triazole (H,ANAT) is reported. The fast and convenient three steps reaction toward the target
compounds does not require any organic solvents. In addition to an intensive characterization of all
synthesized metal salts, the focus was on developing chlorine and nitrate-free red-light-generating
pyrotechnical formulations. Strontium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate hexahydrate
served as colorant and oxidizer in one molecule. The energetic properties of all developed

pyrotechnical formulations assure safe handling and manufacturing.

Introduction

In recent years the development of environmental friendly pyrotechnics for both military and
civilian application became more and more important.l! This affected all ingredients of a typical
light-producing pyrotechnical formulation such as the oxidizer, fuel, colorant, and additives.”?! One
of the first steps toward this goal is correlated with the commonly used oxidizers ammonium
perchlorate (NH4ClO4) and potassium perchlorate (KCIO4). Next to their advantageous properties,
like a high oxygen balance, stability, low cost and low hygroscopicity, both were identified as
environmental and human health hazards.®! The high solubility makes them a successful
groundwater contaminant, which is addressed by American authorities resulting in increasing
regulations regarding the permissible concentration in the water supply.?* In the case of red-light-
emitting pyrotechnics, additional chlorine sources like PVC are usually combined with strontium
salts, typically strontium nitrate (colorant) to produce the metastable red light emitter Sr(1)Cl."!
During the combustion of chlorine-containing pyrotechnic formulations, highly carcinogenic

polychlorinated biphenyls, polychlorinated dibenzofurans, and polychlorinated dibenzo-p-dioxins
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are formed.!® In 2015, Sabatini et al. reported first about a chlorine-free red light composition
based on strontium nitrate, which meets the U.S. Army performance requirements for red light
(dominant wavelength (DW) = 620420 nm; spectral purity (SP) 276%) and at the same time

prevents the formation of toxic chlorine-containing compounds (Figure 1).[”!

In addition to the perchlorate issue, a new environmental issue may arise. In November 2016, the
European Union sued Germany for too high nitrate concentrations in the groundwater. According
to the new regulations, the groundwater concentration of nitrates between 2012-2014 exceeded
the threshold value of 50 mg/L in 28% of the checkpoints. Further 8.5 % were already in between
40-50 mg/L. Such a high value may harm expectant mothers and young children. Even though the
candidate to blame is clearly identified as the intensive agriculture, military practice grounds and
civilian fireworks are a source of environmental pollution, too."® 8 A possible solution for “greener”
pyrotechnics is the application of high-nitrogen compounds.5? 50 °1 High-nitrogen energetic salts
derive their energy from their high positive heat of formation upon release of non-toxic dinitrogen
gas as a main combustion product.l'?! This is beneficial to achieve brilliant colors and a good color

performance.!%

Figure 1. CIE 1931 chromaticity diagram of A, B and the reference formulation by Sabatini.
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Introducing additional nitro, nitramino or N-oxide moieties to high-nitrogen compounds such as
tetrazoles or triazoles may optimize the energetic performance and the oxygen balance of the
target molecule.*? As a consequence, no further oxidizers like nitrates would be needed. Since
future applications of new environmentally more friendly compounds in the pyrotechnic sector are
often cost forbidden, we focused on the recently reported 3,3'-diamino-4,4'-dinitramino-5,5'-bi-
1,2,4-triazole and the corresponding alkali/alkaline earth metal salts thereof.[*3) The target metal
salts can be synthesized in a simple three steps synthesis starting from commercially available
compounds. No organic solvents are needed. The new developed chlorine/nitrate free red-light-
emitting pyrotechnical formulations based on the newly synthesized strontium salt achieve a
dominant wavelength (DW) = 616 nm and a spectral purity (SP) = 75%. The present paper discusses
the syntheses of the corresponding metal salts and the results of DW and SP for the developed
strontium-containing formulations. In addition, sensitivity measurements have been carried out to

secure safe handling.

Results and Discussion

Syntheses

The starting material 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazole (2) was synthesized
according to a literature procedure by stepwise condensation of 1,3-diamino-guanidine
monohydrochloride with oxalic acid and further selective N-amino nitration (Figure 2).132 The
preparation of 2 and its energetic salts 3—9 is displayed in Figure 2. 1,3-Diaminoguanidine
hydrochloride and oxalic acid were dissolved in polyphosphoric acid and heated to give 4,4',5,5'-
tetraamino-3,3'-bi-1,2,4-triazole (1). 1 was slowly added to ice-cooled 100% HNOs and stirred at
0 °C for 1.5 h. Afterward the solution was quenched with ice-water and the formed precipitate was
filtered off yielding pure 2. Compound 2 can be used as obtained and does not require further

purification such as chromatography, or recrystallization.
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. H,N
o o NH polyphosphoric N N NH,
+ HZN\NJ\N’NHZ acid X )NI\ N—y g HNO; (100%)
HO OH H H 120°C, 20 h H,N N\ N-N 0°C.15h
HCl NH,
(1)
o,NO, a) 2. eq NaOH, H,0 (3) Na,ANAT - 4H,0
o N b) 2. eq KOH, H,0 (4) K;ANAT
HN-N, N\(NHZ c) 2. eq CsOH, H,0 (5) Cs,ANAT
PR — _NH
HN N N d) 2. eq RbOH, H,0 (6) Rb,ANAT
Ne e) 1. eq Ca(OH),, H,0 (7) CaANAT - 5H,0
O2N (2) f) 1. eq S(OH),, H,0 (8) STANAT - 6H,0
"HANAT" g) 1. eq Ba(OH),- 8 H,0, H,0 (9) BaANAT - 2H,0

Figure 2. Synthetic route toward compound 1-9.

The alkali and alkaline earth salts of 2 were obtained by the reaction of compound 2 with the
corresponding metal hydroxides. Therefore 2 was suspended in water and the corresponding base
was added. The suspension was heated until a clear solution appeared and then left for
crystallization to obtain compounds 3-9. Compound 9 was obtained as a brown powder. The

corresponding lithium salt was reported earlier.[*30!

Crystal Structures

The crystal structures of compounds 3-8 were determined. The crystal structures were uploaded to
the CSD database™ and can be obtained free of charge with the CCDC nos. 1837414 (3),
1837411 (4), 1837410 (5), 1837413 (6), 1837409 (7), and 1837412 (8). In addition, selected data and

parameters of the X-ray measurement can be found in the Supporting Information.

The molecular structures of compounds 3-8 are similar to the neutral compound 1. All bond lengths
and angles are similar to the neutral compound. Also, the anion of 3-8 is in plane except for the two
nitramino groups. The two nitramino groups are tilted out of the plane by 70-73°. Only compound 5

slightly differ from the neutral compound.

Disodium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate tetrahydrate (3) crystallizes from water in

the triclinic space group P-1 with two molecules per unit cell and a density of 1.716 g cm™ at 293 K.
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The molecular unit of 3 is illustrated in Figure 3. The sphere of atom Nal is characterized by
distorted tetrahedral coordination of four atoms (03i, O3ii, N1, N5i). A dimeric motif is formed by
two bridging water molecules 037/03 and the atoms Nal/Nal® (Figure 3). The dimeric motif is in
plane and revealed a distance between the atoms Na1-O3 of approximately 2.45 A. The observed
angles between the atoms Na1-03"-Nal' and 03/-Na1-03 are approximately 90 °. The coordination
distance between the atoms Nal-03 (2.43 A) is in good agreement with the literature reported

values (2.37 A).13!

Figure 3. Molecular unit of 3 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level.
Symmetry codes: (i = -, -y, 1 — z; i = -X, -y, 2—z). Selected bond length (A): Na1-03" 2.4525(2), Na1-03 2.2525(2).
Selected bond angles (°): 03-Na1-03 90.300(6), Na1-03-Na1 89.700(6).

Dipotassium 5,5'-diamino-4,4'-dinitramino-3,3'-bitriazolate (4) crystallizes from water in the
monoclinic space group P21/n with four molecules per unit cell and a density of 2.001 gcm™ at
294 K. The structure of 4 is illustrated in Figure 4. The view of multiple unit cells along the b axis
indicates a stacking of both the anions and the potassium atoms. Two potassium atoms (K, Ki') are
connected to each other via the oxygen atom 02Y of the nitramino group and form alternating
potassium-oxygen chains. The observed coordination distance between the atoms K1%-02Y is

approximately 2.78 A.
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NE"

Figure 4. View on the structure of 4 showing the atom-labeling scheme. Ellipsoids represent the 50% probability
level. Symmetry codes: (i = 1-x, 2-y, -z; ii = 1.5—x, -0.5 +y, 0.5-z; iii = 1.5—x, 0.5 +y, 0.5—z; iv = 1.5—x, -1.5 +vy, 0. -z,
v = 1.5-x, 1.5+y, 0.5-z; vi = 1+x, -1+y, vii = 14X, -1+y, z). Selected bond length (A): K1' — N4 3.0536(1), K1"-N1
3.0664(1), K1i-02v 2.7388(1), 02vi-K1ii 2.17812(1), 02"-N6" 1.2675(1). Selected bond angles (°): K11-02v-K1ii
126.962(3).

Dicesium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate (5) crystallizes from water in the
orthorhombic space group Pca2; with four molecules per unit cell and a density of 2.670 g cm™ at
296 K. The molecular unit of 5 is illustrated in Figure 5. The molecular structure slightly differs from
the corresponding structures, e.g. the neutral and guanidinium salt. The aromatic triazole rings are
not coplanar and twisted approximately 2 ° (N3-C2-C3-N9) to each other. The observed bond length
of the atoms C1-C3 is in the range of the neutral and the guanidinium compound (1.45 A). The
nitramino moiety is twisted out of plane (N3-N5-N6-01 = 71 °).

The cesium atom (Csl) is coordinated by one oxygen atom (O1). The observed distance between

the atoms Cs1-O1 is 3.20 A and is in good agreement with literature reported values.!¢!
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N8
Figure 5. Molecular unit of 5 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level.
Selected bond length (A): Cs1-01 3.292(9), Cs2-01 3.375(8). Selected torsion angles (°): N2-C2-N3-N5 2.275(9),
N3-N5-N6 108.521(1).

Dirubidium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate (6) crystallizes from water in the
monoclinic space group P21/n with two molecules per unit cell and a density of 2.424 gcm™ at
173 K. The molecular unit of 6 is illustrated in Figure 6. The rubidium atom is distorted coordinated
by one oxygen atom of the nitro group. The observed distance between the atoms Rb1-02 is

approximately 2.85 A.

Rb1'

Figure 6. Molecular unit of 6 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level. (i

=1-x,1-y, 2-z). Selected bond length (A): Rb1-02 2.8519(1).

Calcium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate pentahydrate (7) crystallizes from water in
the monoclinic space group C2/c with five molecules per unit cell and a density of 1.737 gcm™ at
173 K. The molecular unit of 7 is illustrated in Figure 7. The calcium atom (Cal) is distorted
coordinated by four water molecules (03, 03i, 04, 04i) and two times by one oxygen atom (02) and

one nitrogen atom (N5) of the nitramino group. The observed coordination distance between the
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atoms Cal-03, Cal-03i, Cal-04, Cal-O4i is approximately 2.37 A. The distance between the atoms
Cal-02, Cal-02i, and Cal-N5, Cal-N5i is 2.48 A and 2.58 A respectively. The view of multiple unit

cells along the a axis indicates a stacking of both the anions and the calcium atoms.

Figure 7. Molecular unit of 7 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level.
Symmetry codes: (i = 0.5+x, 0.5+y, z). Selected bond length (A): Cal-02 2.4801(14), Cal-03 2.3797(14), Cal-04
2.3614(1), Cal-N5 2.5785(1).

Strontium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate hexahydrate (8) crystallizes from water in
the monoclinic space group P2;/m with two molecules per unit cell and a density of 1.908 g cm? at
295 K. The molecular unit of 8 is illustrated in Figure 8. The bond lengths between all the atoms in
the triazole ring are in the range of the reported guanidinium salt.[*3? The observed bond length of
the ring nitrogen atoms are between the values for a N-N single bond (1.47 A) and a N=N double
bond (1.25 A).[7)

The strontium atom (Srl) is distorted septahedral coordinated by five water molecules (02, 03, 06,
05i, 05, 04), as well as by one oxygen atom (02) and one nitrogen atom (N5) of the nitramino
group. The observed distances between the atoms Sr1-02, Sr-O3, Sr1-04, Sr1-05 is in the range of
2.53-2.66 A. The coordination distance between the atoms Sr1-02 and Sr1-N5 is 2.77 A.

The view of multiple unit cells along the a axis indicates a stacking of both the anions and the
strontium atoms. Two strontium atoms are connected to each other via two hydrogen bridges Srl-

06-H7a (2.76 A) and 07-H7b-04 (2.25 A).
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Figure 8. Molecular unit of 8 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level.
Symmetry codes: (i = 1+x, 0.5-y, z). Selected bond length (A): Sr1-02 2.7687(18), Sr1-03 2.582(3), Sr1-04
2.531(3), Sr1-05 2.601(2), Sr1-06 2.624(3), Sr1-N5 2.765(2).

Thermal and energetic properties
The decomposition temperatures Tgec Of compounds 2—9 was determined by means of differential
thermal analysis (DTA) with a heating rate of 5 °C min’. The decomposition temperatures are given

as onset temperatures (Table 1/Table 2).

Table 1. Thermal and energetic properties of compounds 2-5.

2 3 4 5
FS [N] 120 360 360 360
IS [J] 9 40 3 8
Tonset [°C] 259 287 250 220

Annotation: BAM standard; FS = friction sensitivity; IS = impact sensitivity; Tonset = decomposition temperature

(heating rate of 5 °C min™2).

All tested metal salts are completely insensitive toward friction. Compounds 3, 7, 8 and 9 contain at
least two water molecules per unit cell and are insensitive toward impact. In contrast, the crystal
water-free compounds 4, 5 and 6 are categorized as impact sensitive. Compound 4 is very sensitive

toward impact (Table 1/Table 2).
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Table 2. Thermal and energetic properties of compounds 6-9.

6 7 8 9
FS [N] 360 360 360 360
IS [J] 10 40 40 40
Tonset [°C] 250 150dehdyr.-dec. 1604ehdyr.-dec 280

Annotation: BAM standard; FS = friction sensitivity; IS = impact sensitivity; Tonset = decomposition temperature

(heating rate of 5 °C min™%).

All tested metal salts show high decomposition temperatures in the range from 250 °C to 287 °C.
Only compound 7 and 8 showed an earlier dehydration-decomposition transition at 150 °C and

160 °C (Table 1/Table 2).

Pyrotechnic formulations

In this project, we focused on the use of strontium salt 8 as a colorant for red-light-producing signal
flares. The obtained formulations were compared to a chlorine-free strontium containing
formulation published by Sabatini et al. in 2015 which meets the US Army requirement for the
spectral purity (SP) and dominant wavelength (DW) (Table 3). A major goal was to achieve
comparable good red light applying no chlorine and nitrate compounds in our formulations to meet

potential future regulations.

Table 3. Reference formulation by Sabatini.”’

Mg
Mixture/ wt% Sr(NOs); 50/100 5-AT Epoxy Binder!?!
Mesh
Sabatini 48.0 33.0 12.0 7.0

[a] = Epon 813/Versamid 140 (80:20).
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The current US Army in-service M158 red star cluster formulation consists of strontium nitrate

(48 wt%), Mg (30/50 Mesh, 33 wt%), PVC (15 wt%) and Laminac 4116 /Lupersol (4 wt%). Starting

from this formulation, Sabatini et al. replaced the Laminac 4116/Lupersol binder system with a

simple “drop-in” of Epon 813/Versamid 140 for environmental reasons.!”!

Table 4. New formulations based on 8.

Mg
Mixture/ wt% 30/50 8 5-AT Epoxy Binder!?! NC!
Mesh
A 35.3 47.1 11.7 3.9 2.0
B 33.0 50.0 13.0 - 4.0

[a] = Epon 813/Versamid 140 (50:50); [b] = Nitrocellulose solution (4—8%) in ethanol/diethyl ether (2 wt% = 1 mL

on 1 g scale).

Compound 8 served as an oxidizer and colorant in one molecule. Mg and 5-AT act as fuel (Table 4).

Formulation A applied a mixture of two binders (NC and epoxy binder); however, NC may also act as

fuel in this formulation. In contrast, only the epoxy binder system was applied in formulation B.

Table 5. Performance values of tested formulations.

BT [s] DW [nm] SP [%]
US Army requirement!”! - 62020 >76
Sabatini 5 607 79
A 8 616 75
B 8 612 71

[a] = Epon 813/Versamid 140 (50:50); [b] = Nitrocellulose solution (4-8%) in ethanol/diethylether (2 wt% = 1 mL on

1 g scale).
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Testing the new developed formulations A and B on a 1 g scale revealed an increased DW compared
to the reference formulation (Table 5). However, both formulations failed to meet the SP

requirement.

Table 6. Sensitivities of the tested formulations.

Is [J] FS [N] Tonset [°C]
Sabatini 9 240 231
A 30 360 156
B 30 360 156

Annotation: BAM standard; FS = friction sensitivity; IS = impact sensitivity; Tonset = decomposition temperature

(heating rate of 5 °C min™).

The safe handling of formulations A and B can be guaranteed by low sensitivities compared to
Sabatini’s formulation (Table 5). Applying a binder mixture of NC and an epoxy binder system in A
resulted in the same sensitivity toward mechanical stimuli as measured for formulation B.
Formulation A and B displayed identical decomposition temperatures at 156 °C which is close to the

decomposition temperature of the pure compound 8.

Conclusions

Several alkali and alkaline earth salts of 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazole
(H2ANAT) were synthesized and intensively characterized. Crystal structures with the exception of
the barium salt were determined and discussed. The herein presented synthesis is free of organic
solvents, which helps to reduce solvent and other wastes in flare manufacturing. The energetic and
thermal investigations revealed low sensitivities toward mechanical stimuli and high decomposition
temperatures of the corresponding metals salts. Future investigations will focus on improving the
spectral purities while maintaining the high dominant wavelengths of the developed red-light-
emitting pyrotechnical formulations. Since all pyrotechnical formulations are to some extent scale-

sensitive, the investigation of the luminous intensity is postponed to full-scale test, which will also
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show the compatibility with other requirements such as burn time and ignition reliability of the

prototype device.

Experimental Section

CAUTION! The compounds described in this work are potential explosives, which are sensitive to
external stimuli such as impact, friction, heat or electrostatic discharge. While no issues in the
handling of these materials were encountered, appropriate precautions and proper protective
measures (safety glasses, face shields, leather coat, Kevlar gloves and ear protectors) should be

taken when preparing and manipulating these materials.

General: All reagents and solvents were purchased from Sigma-Aldrich, Fluka, and Acros Organics.
Decomposition temperatures were measured with a OZM Research DTA 552-Ex Differential
Thermal Analyzer using heating rates of 5 °C min™t. *H and *3C NMR spectra were measured with a
JEOL Eclipse 400, JEOL Eclipse 270 or JEOL EX400 instrument at an ambient temperature. All
chemical shifts are quoted in ppm relative to TMS (*H, 13C) as external standards. Infrared spectra
were measured using a Perkin-Elmer Spectrum One FT-IR spectrometer. Elemental analyses were
performed with an Elementar Vario EL or an Elementar Vario EL micro cube. The impact and friction
sensitivities were determined using a BAM drophammer and a BAM friction tester. The sensitivities
of the compounds were indicated according to the UN Recommendations on the Transport of
Dangerous Goods. (+): impact: insensitive >40 J, less sensitive >35 J, sensitive >4 J, very sensitive <4
J; friction: insensitive >360 N, less sensitive=360 N, sensitive <360 N, very sensitive <80 N, extreme
sensitive <10 N.[** The values represent the lowest impact energy at which the result “explosion or
deflagration” is obtained from at least one out of at least six trials. The controlled burn down of the
pyrotechnic formulations was filmed with a digital video camera recorder (SONY, DCR-HC37E).
Spectrometric measurements of the formulations were performed with a HR2000+ES spectrometer
with an ILX511B linear silicon CCD-array detector and included software from Ocean Optics with a
detector-sample distance of 1 meter. The dominant wavelength and spectral purity were measured
based on the 1931 CIE method using illuminant C as the white reference point. Four samples were

measured for each formulation.
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Preparation of pyrotechnic formulations: The samples were weighed out according to their weight
percentages (max. 1 g total) into a mortar. After grinding by hand for 3 min, both the Epon 813
(20 mg/mL) and the Versamid 140 solution (10 mg/mL) in ethyl acetate were added using a syringe.
The mixture was blended with a spatula every 10 min until the solvent was evaporated. The solid
material was stored over night at 70 °C in the drying oven for curing. Before consolidation, the
pyrotechnic material was ground again by hand for 3 min. The formulations were pressed with the
aid of a tooling die (inner diameter 12.9 mm) into a cylindrical shape. The formulation powders

were pressed at a consolidation dead load of 2 t with a dwell time of 3 s.

Metal 3,3'-Diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazole Salts: The 3,3 -diamino-4,4’-dinitramino-
5,5°-bi-1,2,4-triazole (2) salts were synthesized by suspending 2 (300 mg, 1.05 mmol) in water. The
corresponding metal bases were added in stoichiometric amounts and heated until a clear solution
appeared. After cooling to ambient temperatures, the solution was left for crystallization. The

obtained solids were recrystallized from a solvent mixture of ethanol/water (1:2).

Disodium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate tetrahydrate (3)

3 was obtained as a brown powder. Recrystallization leads to yellow crystals. Yield: 363 mg (0.902
mmol, 86 %). *H NMR ([D6]DMSO): & = 5.26 (s, 4 H, -NH:) ppm. *C NMR ([D6]DMSO0): 6 = 138.1 (2C,
CC), 153.4 (2C, -CNO2) ppm. C4HaN1204Na; + 4H,0 (402.19): calcd. C 11.95, H 3.01, N 41.79%,; found
C12.13,H2.99, N 41.29%. IR (ATR): v~ = 3455 (m), 3390 (m), 3292 (m), 3225 (m), 1687 (w), 1618 (s),
1558 (m), 1465 (m), 1393 (s), 1286 (s), 1221 (s), 1093 (w), 1031 (m), 972 (m), 887 (m), 738 (w), 707
(w) cm™. 1S (grain size <100um): 40 J. FS (grain size <100um): 360 N. DTA: 287 °C (onset.).

Dipotassium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate (4)

4 was obtained as a brown powder. Recrystallization leads yellow crystals. Yield: 353 mg (0.973
mmol, 93 %). H NMR ([D6]D,0): & = 9.55 (s, 4 H, -NH,) ppm. 3C NMR ([D6]DMSO): & = 137.6 (2C,
CC), 153.7 (2C, -CNO3) ppm. C4HaN1204K> (362.35): caled. C 13.26, H 1.11, N 46.93%; found C 13.36,
H 1.47, N 45.36%. IR (ATR): v~ = 3373 (m), 3291 (w), 3218 (w), 3079 (m), 1639 (s), 1561 (m), 1467
(m), 1426 (w), 1372 (s), 1286 (s), 1101 (m), 1030 (m), 1004 (w), 965 (m), 879 (m), 782 (m), 717 (m),
653 (w) cm™. IS (grain size <100um): 3 J. FS (grain size <100um): 360 N. DTA: 250 °C (onset.).
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Dicesium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate (5)

5 was obtained as yellow crystals. Yield: 541 mg (0.983 mmol, 94 %). *H NMR ([D6] D;0): 6 = 9.57
(s, 4 H, -NH2) ppm. 3C NMR ([D6]D,0): 6 = 137.7 (2C, CC), 154.0 (2C, -CNO2) ppm. CsH4N1,04Cs;
(549.96): calcd. C 8.74, H 0.73, N 30.56%; found C 8.73, H 0.91, N 29.51%. IR (ATR): v~ = 3343 (w),
3291 (w), 3080 (w), 1636 (m), 1554 (m), 1465 (m), 1367 (s), 1281 (s), 1219 (m), 1119 (w), 1029 (m),
997 (w), 964 (w), 876 (m), 833 (w), 779 (w), 715 (m), 696 (m), 653 (w) cm™2. IS (grain size <100um): 8
J. FS (grain size <100um): 360 N. DTA: 220 °C (onset.).

Dirubidium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate (6)

6 was obtained as a brown powder. Recrystallization leads to colorless crystals. Yield: 430 mg
(0.945 mmol, 90 %). 'H NMR ([D6]D,0): 6 = 9.55 (s, 4 H, -NH;) ppm. *C NMR ([D6]DMSO): &§ =
138.37 (2C, CC), 154.6 (2C, -CNO;) ppm. CsHaN1,04Rb; (455.09): calcd. C 10.65, H 0.89, N 36.93%;
found C 10.94, H 1.28, N 37.40%. IR (ATR): v~ = 3376 (m), 3289 (w), 3215 (s), 3096 (m), 1740 (w),
1635 (s), 1559 (m), 1465 (m), 1374 (s), 1283 (s), 1220 (s), 1105 (m), 1026 (m), 1105 (w), 1026 (m),
964 (m), 877 (m), 782 (w), 717 (w), 650 (w) cm™. IS (grain size <100um): 10 J. FS (grain size
<100um): 360 N. DTA: 250 °C (onset.).

Calcium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate pentahydrate (7)

7 was obtained as a brown powder. Recrystallization leads to yellow crystals. Yield: 383 g (924
mmol, 88 %). 'H NMR ([D6]DMSO): & = 5.33 (s, 4 H, -NH:) ppm. 3C NMR ([D6]DMSO0): & = 138.0 (2C,
CC), 153.4 (2C, -CNO3) ppm. C4HaN1,04Ca - 5H,0 (414.31): calcd. C 11.60, H 3.41, N 40.57%; found C
11.93, H 3.42, N 40.39%. IR (ATR): v~ = 3435 (m), 3346 (m), 1739 (w), 1616 (s), 1554 (m), 1470 (m),
1435 (m), 1418 (m), 1283 (s), 1247 (m), 1102 (w), 1035 (w), 1017 (m), 973 (m), 904 (m),776 (w), 756
(w), 719 (w), 677 (w), 653 (w) cm™. IS (grain size <100um): 40 J. FS (grain size <100um): 360 N. DTA:
150 °C (onset.).

Strontium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate hexahydrate (8)

8 was obtained as an orange powder. Recrystallization leads to colorless crystals. Yield: 459 mg
(0.957 mmol, 91 %). H NMR ([D6]DMSO): § = 6.00 (s, 4 H, -NHz) ppm. 3C NMR ([D6]DMSO): § =
138.1 (2C, CC), 153.0 (2C, -CNO2) ppm. C4H4N1204Sr - 6H,0 (479.86): calcd. C 10.01, H 3.31, N
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35.03%; found C 9.94, H 3.19, N 34.62%. IR (ATR): v™ = 3549 (m), 3292 (s), 3229 (s), 3176 (s), 17139
(w), 1621 (s), 1566 (s), 1472 (m), 1412 (s), 1299 (s), 1234 (s), 1130 (m), 1050 (m), 1024 (w), 976 (m),

900 (m), 779 (w), 714 8w), 658 (w) cm™. IS (grain size <100um): 40 J. FS (grain size <100um): 360 N.

DTA: 250 °C (onset.).

Barium 3,3'-Diamino-4,4'-dinitramino-5,5'-bitriazolate dihydrate (9)

9 already precipitated in boiling water and was obtained as a brown powder. Due to solubility

issues, no further NMR analysis or recrystallization was possible since even boiling DMSO (Reflux

170 °C / 2h) failed to dissolve the crude product. Yield: 355 mg (0.770 mmol, 73 %). C4H4N1,04Ba -

2H,0 (461.54): calcd. C 10.41, H 2.62, N 36.42%; found C 10.55, H 1.92, N 36.22%. IR (ATR): v~ =
3608 (w), 3410 (m), 3316 (m), 3252 (m), 3187 (m), 3000 (m), 2190 (w), 1629 (s), 1566 (s) 1472
(m)1442 (s), 1417 (s), 1291 (s) 1229 (s) 1092 (m) 1034 (m), 966 (m), 898 (s), 772 (m), 721 (w), (667

(w), 637 (w) cm™L. IS (grain size <100um): 40 J. FS (grain size <100um): 360 N. DTA: 280 °C (onset.).
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Table 1. Crystallographic data of 3-5.

Compound 3 4 5
Formula C4HaN1204Na; - 4H,0 C4HaN1204K; C4HaN1204Cs;
Form. Mass [g/mol] 201.12 181.20 550.01
Crystal system triclinic monoclinic orthorhombic
Space Group P-1 (No. 2) P21/n (No. 14) Pca2; (No. 29)
Color / Habit yellow block yellow block yellow needle
Size [mm] 0.10 x 0.20 x 0.25 0.10x0.10x 0.35 0.05 x 0.06 x 0.40
a [A] 5.7190(7) 8.7758(4) 15.4025(9)
b [A] 8.0939(10) 4.9394(2) 4.9514(3)
c[A] 9.4531(10) 14.3239(7) 17.9392(9)
a[°] 111.276(11) 90 90
L] 103.533(10) 104.426(5) 90
v [°] 94.954(10) 90 90
VIA3] 389.28(9) 601.32(5) 1368.11(13)
z 2 4 4
Peale. [g cm™] 1.716 2.001 2.670
4 [mm™] 0.201 0.836 5.372
F(000) 206 364 1016
AmokalA ] 0.71073 0.71073 0.71073
T [K] 293 294 296
9 min-max [°] 4.2,26.0 4.4,26.0 4.1,26.0
Dataset h; k; | -6:7;-7:9; -11:11 -10:10; -6:6; -17:17 -19:13; -6:5; -9:22
Reflect. coll. 2812 8041 3419
Independ. refl. 1516 1178 1820
Rint 0.024 0.026 0.024
Reflection obs. 1157 1178 1857
No. parameters 142 108 200
R1 (obs) 0.0394 0.0254 0.0327
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WR; (all data)
S
Resd. Dens. [e A3]

0.1099
1.03
-0.20, 0.41

0.0683
1.06
-0.22,0.35

0.0854
1.09
-1.24,1.87

Device type Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97
Absorpt. corr. multi-scan multi-scan multi-scan

CCDC 1837414 1837411 1837410
Table 2. Crystallographic data of 6-8.
Compound 6 7 8
Formula C4HsaN1204Rb> C4HsaN1204Ca - 5H,0 C4HaN1204Sr - 6H,0
Form. Mass [g/mol] 455.13 414.31 479.91
Crystal system monoclinic monoclinic monoclinic
Space Group P21/n (No. 14) C2/c (No. 15) P2;/m (No. 11)

Color / Habit
Size [mm]
a [A]

b [A]

c [A]

o [?]
AL
vl
VA3
4
Peatc. [g cm™]
g [mm™]
F(000)
AwiokalA ]

colorless needle

0.08 x 0.08 x 0.18

8.8652(4)
5.1322(2)
14.1922(6)
90
105.030(4)
90
623.63(5)
2
2.424
7.894
436
0.71073

yellow crystals
0.4x04x04

11.4009(8)
13.7933(5)
11.5508(7)
90
119.273(9)
90
1584.5(2)
4
1.737
0.473
856
0.71073

128

colorless block
0.10 x 0.16 x 0.20

6.3002(5)
13.4566(9)
10.1845(7)
90
104.650(8)
90
835.36(11)
2
1.908
3.308
484
0.71073
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T [K] 173 173 295
¥ min-max [°] 4.2,26.0 4.6, 26.0 4.3,27.0
Dataset h; k; | -8:10; -6:6; -17:17 -12:14; -16:15 ; -14:14 -7:8;-17:16; -13:5
Reflect. coll. 4270 5873 3577
Independ. refl. 1226 1546 1880
Rint 0.025 0.021 0.030
Reflection obs. 1226 1366 1880
No. parameters 108 147 164
R1 (obs) 0.0223 0.0286 0.0315
WR; (all data) 0.0557 0.0767 0.0694
S 1.08 1.05 1.04
Resd. Dens. [e A3 -0.89,0.37 -0.21,0.43 -0.38,0.72
Device type Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97
Absorpt. corr. multi-scan multi-scan multi-scan
CCDC 1837413 1837409 1837412

CIE 1931 chromaticity diagram

An easy way to show or compare the spectral purity and dominant wavelength of various
formulations is CIE 1931 chromaticity diagram (Figure 1). The color purity of a visible flare with the
chromaticity (x, y) is its difference from the illuminant’s white point (WP) relative to the furthest
point on the chromaticity diagram with the same hue (dominant wavelength for monochromatic
sources). The color purity can be calculated by dividing the distance WP to A (x, y) = d(WP, A) by the
distance WP to B = d(WP, B). B is the point with the maximum purity of 100% for the dominant
wavelength of formulation A.”) The higher the spectral purity of A, the more the point moves to the

right until it ends up having the coordinates of B.
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Purity =d(WP,A)/d(WP,B)
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Figure 1. CIE 1931 chromaticity diagram
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4.2 A Strontium- and Chlorine-Free Pyrotechnic llluminant of High Color Purity

Published in Angew. Chem., Int. Ed. 2017, 56, 16507. (DOI: 10.1002/anie.201710746)

Abstract: The need to develop a red-light-emitting pyrotechnic illuminant has garnered interest
from the pyrotechnics community due to potential United States Environmental Protection Agency
(U.S. EPA) regulations of strontium and chlorinated organic materials. To address these
environmental regulatory concerns, the development of lithium-based red-light-emitting
pyrotechnic compositions of high purity and color quality is described. These formulations do not
contain strontium or chlorinated organic materials. Rather, the disclosed formulations are based on
a non-hygroscopic dilithium high-nitrogen salt which serves as both the oxidizer and red colorant.
These formulations are likely to draw interest from the civilian fireworks and military pyrotechnics
communities for further development; both of whom have a vested interest in the development of

environmentally conscious formulations.

For many, firework displays are an integral component of national or religious holidays or New
Year’s Eve. In the military sector, the production of colored light finds common usage for the
purposes of signaling or to illuminate a specified area to accomplish a mission. Due to the
ubiquitous nature of colored light-emitting-pyrotechnics, it is imperative that health and
environmental issues be considered when developing illuminating compositions of high
performance and high color quality. Colored flames are produced mostly by burning alkali and
alkaline earth metal salts. Traditional red-light-emitting pyrotechnic formulations are based on
strontium and chlorinated organic materials to achieve a suitable red-light-emitting species.[*! These
mixtures mostly contain strontium nitrate in combination with a chlorine donor such as polyvinyl

chloride (PVC) to form metastable strontium(l) chloride as the red-light-emitting specie.
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Future:
Li / halogen-free

Figure 1. Comparison of Sr/PVC containing and Li/chlorine-free B.

Although the bright red light of strontium- and chlorine-containing mixtures seem innocuous, their
use is a cause for concern. During the combustion of chlorine-containing pyrotechnic formulations,
highly carcinogenic polychlorinated biphenyls, polychlorinated dibenzofurans and polychlorinated
dibenzo-p-dioxins are formed (Figure 1).12! Although contradictory opinions concerning the amount
of these polychlorinated decomposition products are reported in literature® 4, chlorine-free
pyrotechnic formulations are desired nevertheless. Chlorine-free pyrotechnic formulations yielding
green®, bluel® and red light”! have been reported in recent years, achieving good color qualities

and high intensities.

According to a recent U.S. EPA (United States Environmental Protection Agency) report, strontium is
potentially harmful to human health.[®! The U.S. EPA states that strontium replaces calcium in the
bone, interferes with bone strength, and thus affects the skeletal development of children and
adolescents. In 2014, the U.S. EPA has made a preliminary decision to start regulating strontium.® !
Strontium has been detected in 99 percent of public water systems and at levels of concern in 7
percent of public water systems in the USA (U.S. EPA).1'% Although U.S. military training grounds
were not included in the study, these facilities may show elevated concentrations of strontium as
well, given the presence of strontium in currently used red-light-illuminating signaling pyrotechnic

compositions.

Given these newfound concerns associated with strontium, a new method of generating red light
of a deep color purity was needed. As an alternative to strontium, lithium-based formulations were
considered as a means to generate red light. Although lithium-based formulations have been

investigated in the past, these formulations have been plagued by high hygroscopicity and low color
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purity.! Instead of red light, these prior lithium-based formulations yielded pink- or orange-
colored flames. Furthermore, past lithium-based formulations utilized perchlorates as the oxidizer,
and this oxidizer is no longer viewed as being environmentally acceptable.[** 12 Certain parameters
have to be complied with in order to obtain optimal color properties when using lithium as a red-
light emitter. The principle emitter in lithium-based red flames is atomic lithium, and its
concentration should be kept as a low as possible to avoid a broadening of the lithium line
width.12¢ 13,141 |n contrast to Sr-containing formulations, a reductive flame atmosphere is essential

to achieve red light with lithium.

A practical red-light-emitting formulation based on lithium must possess a deep color purity, and a
lithium-based material that is not moisture sensitive. To achieve a reductive flame atmosphere, it is
important to prevent oxidation processes in the outer part of the flame that are accompanied by
the formation of unwanted LiOH, LiO and condensed compounds such as Li;O. These species lower
the amount of atomic lithium present, and serve to lower red-light-emitting color purity. The
release of high amounts of nitrogen was believed to be beneficial due to its favorable energy

release, and its metal-free combustion.

One suitable candidate, the lithium salt of 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazolate
-3 H,0 - Li;ANAT (3) (Scheme 1), was synthesized. Compound 3 was found to have a high
decomposition temperature, as well as a non-hygroscopic behavior. Thus, it was investigated in
pyrotechnic formulations. Colorant 3 was synthesized in a simple three-step reaction (Scheme 1).
4,4'5,5'-Tetraamino-3,3'-bi-1,2,4-triazole (1) and 5,5'-diamino-4,4'-dinitramino-3,3'-bi-1,2,4-triazole

(2) were synthesized previously.[* Deprotonation of 2 with LiOH gave the dilithium salt 3.
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Scheme 1. Synthesis of dilithium 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazolate trihydrate (3).

o+ polyphosphoric H2N NH
0] OH NH ; -N N 2 0
2 acid N7 \”/ HNO3; (100%)
RSN G mocaon MO SN Toeaen
HO o) N N ’ N N~ -5°C,1.5h
H H HaN- 0
NH,
1
_NO, - _NO,
NH ! ! )\(N NH, + 3H,0
H2N ’}1)\(&] R/ 2 T H2N/<[Tj | )/ 2 2
- - N-N
_NH .
O,N 02N’N 2Li"
2 3

The dilithium salt 3 was extensively characterized by multinuclear NMR and vibrational
spectroscopy as well as by X-ray techniques (supporting information). 3 reveals oxidizing and
coloring properties at the same time, which is beneficial to reduce the amount of components in
pyrotechnic mixtures and was tested for its suitability in pyrotechnic formulations and compared to
a chlorine-free Sr-based formulation on a 1 g scale.”’ Two formulations A and B (Table 1) were
investigated. Both formulations consisting of 3, magnesium, hexamine and nitrocellulose as fuels
were prepared with the Epon 813/Versamid 140 (1:1) binder system (Table 1). Although the lithium

salt contained crystal water, there were no problems related to hygroscopicity.

Table 1. Formulations A and B containing Li2ANAT (3) and the Sr-containing control.

Components Weight %

Formulation Control A B
Sr(NO3)2 48 - -
Li2ANAT (3) - 51 48
Mg 50/100 mesh 33 31 15
Nitrocellulose - 2 4
Hexamine - 12 26
5-AT 12 - -
Epoxy binder 7 4 7
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As the control, the chlorine-free strontium-containing formulation containing strontium nitrate,
magnesium, 5-aminotetrazole (5-AT) and the binder system Epon 813/Versamid 140 (4:1) was
employed (Table 1).”? The burn time (BT), dominant wavelength (DW), luminous intensity (LI),
spectral purity (SP), friction (FS)-/impact (IS)-/electrostatic discharge sensitivity (ESD) as well as the

decomposition temperature (Tonset) Were measured.

Table 2. Performances of the Strontium-containing control and lithium-based formulations A and B.

Formulation BT [s] LI®] [cd] DW!! [nm] Spldl [%]
Control 5 35400 607 79
A 9 2130 605 70
B 16 820 606 88

[a] BT = burn time. [b] LI = luminous intensity. [c] DW = dominant wavelength. [d] SP = spectral purity.

Formulations A and B burned with a red colored flame and no smoke could be observed. The
performance of both formulations is summarized in Table 2. The two formulations exhibited longer
burn times than the control, and dominant wavelengths of 605 and 606 nm, which are both within
the 620420 nm region of the required dominant wavelength for red color.”! Although formulation A
fell below the minimum spectral purity threshold of 76%, formulation B had a significantly improved
spectral purity of 88%, which was also significantly greater than the control. The higher magnesium
content in A compared to B, leads to higher luminosity but lower spectral purity owing to the

increased incandescence caused by a greater amount of condensed MgOys, )).

Table 3. Sensitivities of the control and formulations A and B.

Formulation 1Stal [J] Fs®! [N] ESDII [J] Tonset 9 [°C]
Control 9 240 >0.25 231
A 25 360 1.5 198
B 40 360 1 217

[a] IS = impact sensitivity. [b] FS = friction sensitivity. [c] ESD = electrostatic discharge sensitivity. [d] Tonset = onset

temperature of decomposition.
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Relative to the control both formulations A and B are less sensitive to impact, friction and ESD
(Table 3). Additionally, the decomposition temperature of the more optimal formulation B was
measured to be higher than 200 °C. These properties allow the safe handling of the material. In
Figure 2 the CIE 1931 chromaticity diagram of formulations A, B and the Sr-control is illustrated,
thus illustrating that it is possible to develop a suitable red-light-emitter that is free of halogens and

strontium.

Figure 2. CIE 1931 chromaticity diagram of red formulations.

As can be seen, the Li-based colorants reveal color points, which are in close proximity to the red Sr-
control formulation (see supporting information for explanation). The emission spectra of
composition B is depicted below (Figure 3). Both atomic emission lines of lithium can be seen at
670 nm and 610 nm respectively. Like in all pyrotechnic formulations, the sodium emission at

589 nm is present.
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Figure 3. Emission spectrum of formulation B.

The use of the lithium-based high-nitrogen compound 3 in pyrotechnic formulations serving as both
an oxidizing agent and red colorant yielded red color qualities. The color quality of lithium-based
formulation B was comparable to those of chlorine-free Sr-based compositions. While further
optimization is still needed to improve the luminosity of Li-based red-light-emitting flares, this
represents the first known example of a successful red-light-emitting formulation of high color

quality and purity that does not contain halogenated- or strontium-based materials.
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Supporting Information

Experimental Procedures

CAUTION! The mixtures described here are potential explosives, which are sensitive to
environmental stimuli such as impact, friction, heat, and electrostatic discharge. While we
encountered no problems in handling of these materials, appropriate precautions and proper
protective measures (safety glasses, face shields, leather coats, Kevlar gloves, and ear protectors)

should be taken when preparing and manipulating these materials.

- polyphosphoric H2N
o+ Ny _NH
O OH NH, acid N-No N 2 HNO; (100%)
H . <1 3
+ H2N )I\ NH2 120° 20 h )l\ \
N7 ONT 0°C, 20 N n-N -5°C,1.5h
HO O H-N
H H 2 \
NH,
1
/NOZ - ,NOZ
/2_’:‘ HE 2 LiOH w0
NH ! S NS NH
el 'T‘)\i n?/ * THO 2N ’}‘)\( s 3 0
- - N-N
_NH .
O,N NN 2Li*
2 3

S1. Synthesis of dilithium 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazolate trihydrate (3).

Compound 1 was slowly added to ice-cooled 100% HNOs and stirred at -5 °C for 1.5 h. Afterwards
the solution was quenched with ice-water and the formed precipitate was filtered off yielding pure
3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazolate (2).[*2ICompound 2 can be used as obtained
and does not require further purification. The Li salt 3 was prepared by simple deprotonation
reaction. Therefore 2 was suspended in water and lithium hydroxide was added. The suspension

was heated until a clear solution appeared and filtrated. The solvent was removed in vacuum to
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give dilithium 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazolate trihydrate (3) as an orange
powder. Recrystallization from water/ethanol yielded colorless crystals (87%) suitable for X-Ray
diffraction. DTA (5 °C min?) onset: 240 °C (dec.); IR (ATR): 3485, 3358, 3299, 3229, 3173, 2179,
2104, 2088, 1648, 1580, 1460, 1421, 1394, 1301, 1237, 1108, 1044, 1016, 971, 896, 826, 768, 716,
656, 586, 538, 489, 467; Raman (1064 nm, 300 mW, 25 °C, cm™): ¥ = 1006 (13), 3365 (1), 1605
(100), 1581 (15), 1550 (5), 1504 (2), 1409 (2), 1398 (2), 1309 (1), 1262 (6), 1094 (5), 1056 (5), 898
(2), 797 (3), 699 (1), 718 (1), 729 (1), 146 (3), 113 (8); *H NMR ([Dg]DMSO): 6 = 5.18 (s, 2H); 3C NMR
([Ds]DMSO): 6 = 138.10, 153.40; EA (CsH1007N1,Liz, 352.08): C 13.65, H 2.86, N 47.74; found: C
13.87, H 2.88, N 47.44; BAM impact: 35 J; BAM friction: 360 N; ESD: 1.5 J.

Chemicals. Magnesium (98%) volume-based particle size in the range of 0.30 — 0.15 mm, hexamine
(99.5%), 1,3-diaminoguanidine monohydrochloride (98%), and collodion solution (nitrocellulose
solution 4-8% in ethanol/ether), Sigma-Aldrich; lithium hydroxide (98%), Merck; oxalic acid
anhydrous (98%) and 5-amino-1H-tetrazole (98 %), abcr; Epon 813, Hexion; Versamid 140, BASF. A
binder system (50 wt.-% Epon 813/ 50 wt.-% Versamid 140) was applied. All chemicals were used as

provided without further purification.

Sample preparation. The samples were weighed out according to their weight percentages (max. 1
g total) into a mortar. After mixing by hand for 3 min, the nitrocellulose solution, both the Epon 813
(20 mg/mL) and the Versamid 140 solution (10 mg/mL) in ethyl acetate were added using a syringe.
The mixture was blended with a spatula every 10 min until the solvent was evaporated. The solid
material was stored over night at 70 °C in the drying oven for curing. Before consolidation, the
pyrotechnic material was mixed again by hand for 3 min.

The formulations were pressed with the aid of a tooling die (inner diameter 12.9 mm) into a
cylindrical shape. The formulation powders were pressed at a consolidation dead load of 2 t with a

dwell time of 3 s.

Optical measurement. Optical emissive properties were characterized using both an Ocean optics
HR2000+ES spectrometer with an ILX511B linear silicon CCD-array detector (range 190 — 1100 nm)

and included software from Ocean Optics. Spectra were recorded with a detector-sample distance
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of 1.00 m and an acquisition time of 20 ms. The dominant wavelength (DW) and spectral purity (SP)
were measured based on the 1931 CIE method using illuminant C as the white reference point. Five
samples were measured for each formulation and all given values are averaged based on the full
burn of the mixture. The controlled burn was filmed with a digital video camera recorder (SONY,

DCR-HC37E).

Energetic properties. The impact and friction sensitivities were determined using a BAM
drophammer and a BAM friction tester. The sensitivities of the compounds are indicated according
to the U.N. Recommendations on the Transport of Dangerous Goods (+): impact: insensitive >40 J,
less sensitive >35 J, sensitive >4 J, very sensitive 4 J; friction: insensitive>360 N, less sensitive=360 N,
sensitive <360 N >80 N, very sensitive <80 N, extreme sensitive <10 N. Additionally all formulations
were tested for sensitivity towards electrical discharge using an Electric Spark Tester ESD 2010 EN.
Decomposition points were measured with an OZM Research DTA 552-Ex Differential Thermal

Analyzer. Measurements were performed at a heating rate of 5 °C/min.

X-Ray structure and Discussion

3 crystallizes from water in the monoclinic space group P21/n with four molecules per unit cell and
a density of 1.839 g cm™ (@173 K). The molecular unit of 3 is illustrated in S2. The box on the left
shows the observed dimeric motif. The molecular structure slightly differs from corresponding
structures, e.g. the guanidinium salt.'? Also the neutral parent compound shows a comparable
structure.l™? The aromatic triazole rings are not coplanar and twisted approximately 30° (torsion
angle N3—-C1-C3-N9) to each other. The observed bond length of the atoms C1-C3 (1.45 A) is
between those of typical C—C single and C=C double bonds and in the range of the neutral and the
guanidinium compound./*! The triazole rings are aromatic, therefore the observed bond length of
the ring nitrogen atoms are between the values for a N-N single bond (1.48 A) and a N=N double
bond (1.20 A). The observed bond lengths between the atoms C2-N4 and C4-N10, respectively, are
again in the range of the reported guanidinium salt but shorter than the common single bond
length between the atoms C—N.[*? The nitramino moiety is twisted out of plane (torsion angle N3—
N5-N6-01 = 72 °). The unit cell contains two different coordinated lithium atoms. Taking into

account only interactions smaller than the sum of van-der-Waals radii of Li+N (3.37 A) and Li+O
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(3.34 A), Lil is coordinated distorted by five different atoms (N5, N7% 05, 06, 06).2IA dimeric

motif is formed by two bridging water molecules 06/06' and the atoms Li1/Li1'.

L|l©

g r

S2. Molecular unit of 3 showing the atom-labeling scheme. Ellipsoids represent the 50% probability level. (i = 2-x,

-y, -z; ii = 2-x, -y, 1-z; iii = x, y, -1+z; iv = 0.5+x, 0.5-y, 0.5+z; v = 0.5+x, 0.5-y, —0.5+z).

The dimeric motif is in plane with a bond length between the atoms Li1-06 of approximately 2.00
A. The observed angles between the atoms Li1-06-Li1" and the atoms 06-Li1-06' are nearly 90 °.
The distance between the atoms Li1-06 is smaller than the sum of the van-der-Waals radii.l*3! In
contrast, the bond length between the atoms Li1-05 is closer to the observed bond lengths in
octahedral coordinated Li-O structures (2.16 A).¥l The observed bond lengths between the atoms
Li1-N5//Li1l-N7"" are 2.35 A/2.13 A, respectively. The atom Li2 is slightly distorted coordinated
tetrahedrally by one water molecule O5 and the atoms 04V/N8'/N11 of two 3,3‘-diamino-4,4'-
dinitramino-5,5'-bi-1,2,4-triazolate anions. The observed bond lengths between the atoms of Li2—
04/Li-05 are longer than the reported bond lengths for tetrahedral coordination (~1.96 A).PIThis
might be due to the oxygen-oxygen edge distortions when lithium tetrahedral share edges with
other tetrahedra or octahedra.P!

Crystallographic data. CCDC 1580533 contain the supplementary crystallographic data for 3. These
data are provided free of charge by The Cambridge Crystallographic Data Centre.
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CIE 1931 chromaticity diagram
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S3. CIE 1931 chromaticity diagram.

An easy way to show or compare the spectral purity and dominant wavelength of various
formulations is CIE 1931 chromaticity diagram. The color purity of a visible flare with the
chromaticity (x, y) is its difference from the illuminant’s white point (WP) relative to the furthest
point on the chromaticity diagram with the same hue (dominant wavelength for monochromatic
sources). The color purity can be calculated by dividing the distance WP to A (x, y) = d(WP, A) by the
distance WP to B = d(WP, B). B is the point with the maximum purity of 100% for the dominant
wavelength of formulation A.[®IThe higher the spectral purity of A, the more the point moves to the

right until it ends up having the coordinates of B.
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4.3 Flare or Strobe: A Tunable Chlorine-Free Pyrotechnic System Based on

Lithium Nitrate

Reproduced from Chem. Commun. 2018, 54, 821-824. (DOI: 10.1039/C7CC09721B) with permission

from The Royal Society of Chemistry

Abstract: The development of a red, chlorine-/strontium-free pyrotechnic composition which
serves as either strobe or flare is reported. The observed strobing behaviour of a red-light emitting
composition of Mg/LiNOs/hexamine/binder was investigated. Additives like 5-amino-1H-tetrazole

and nitrocellulose were used to increase the strobing frequency and achieve constant burning.

Red-burning pyrotechnic formulations showing the phenomena of oscillatory combustion
are called strobes (Figure 1), whereas constant burning compositions are referred to as
flares.l''?! Since these formulations are widely used in the military (tracer, tactical signal)
and civilian sector (fireworks, twinklers pots, hand-held signals) the environmental impact
should be kept at a minimum.®! Besides the toxicity of the formulation compounds and the
resulting combustion products, the produced light is hazardous to human health. Bright red
light of a certain frequency (illuminant signals or even TV screens) among other colours and
patterns, like parallel lines and stripes can cause epileptic seizures. According to the US epilepsy
foundation, about 3 % of people with epilepsy (1.8 % of the population in the USA) suffer from this
condition also known as photosensitive epilepsy.!* It is more common in children and adolescents

and becomes less frequent with age. T

ypical flare formulations consist of a metallic fuel (Mg, Al or magnalium), strontium nitrate
(Sr(NOs)2) as an oxidizer, a binder and chlorinated compound like poly(vinyl chloride) (PVC)
which serve as a chlorine source.® Upon combustion, these compositions produce
magnesium oxide (MgO(s)), strontium(l) chloride (SrCl(g)), and strontium(l) hydroxide
(SrOH(g)). The last two species both yield a distinct emission pattern in the red spectral
wavelength range, while condensed MgO greatly assists in obtaining a high luminous

intensity L1 In contrast to two recently published chlorine-free red flare compositions,? 7]

145



Chapter 4

which prevents the formation of highly carcinogenic polychlorinated aromatic compounds
such as polychlorinated dibenzodioxins (PCDDs), polychlorinated dibenzofuranes (PCDFs),
and polychlorinated biphenyls (PCBs) most strobe formulations still rely on the use of
chlorinated compounds.'> 8 Ammonium- or potassium perchlorate (NH4ClO4/KClO4) are
commonly used as oxidizers, potassium dichromate (K.Cr.07) and additives like copper-
chrome oxide and hexachlorobenzene are sometimes applied as a frequency stabilizer,
alkaline earth metal nitrates or sulfates as a colorant agent and sulfur as the fuel.[*? ° The
European Chemicals Agency (ECHA) hazard classification of potassium dichromate refers to
it as a substance of very high concern (SVHC) and was therefore assignhed as a major threat

in strobe formulations.!1%

t=0ms t=8.5ms t=17.5ms t=30.0ms

o b !

t=52.0ms t=80.0ms t=120.0ms t=146.0ms

t=164.0ms t=178.0ms t=203.0ms t=268.0ms

Figure 1: High-speed video recording of 6.

The compound is known to be toxic, potential carcinogenic and highly toxic to aquatic life to
guote only a few. Encouraged by the work done in the past to develop a red-burning flare
based on the atomic emission of atomic lithium,[**! the authors decided to take advantage of
Sabatini's chlorine-free red composition (1) (Table 1) and use it as a starting point for a drop-
in of lithium nitrate (LiNO3).[?!

It has to be stated, that the studied health effects of lithium to humans have always been

focused on bipolar patients facing the high dose lithium therapy so far.l*? In a recent study
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by Figueroa et al., it was outlined that those obtained results are not applicable to the
normal population.'® Instead, the focus of the presented study was on the population living
on a northern territory in Chile which shows the highest levels of lithium in surface waters in
the world. Figuero et al. and monitored the lithium concentration in blood, urine and breast
milk.[*3-14 According to Figueroa et al. and Usada et al., further research to obtain reliable
health based guidelines values to assess the risks potentially posed by environmental
exposure is necessary.!'> 1 Aral and Vecchio-Sadus claims, that lithium is not expected to
bioaccumulate and its human and environmental toxicity are low, however the maximum
recommended daily intake varies a lot in the literature.*®! For future application purposes of
new designed flare and strobe formulations, only commercially available and non-toxic chemicals
were considered for further investigations. The authors started with a fixed amount of LiNO3 (51
wt%), Epon 813/Versamid 140 (4 wt%, 1:1), Mg (33 wt%) and 5-AT (12 wt%). In 2009, Koch and
Jennings-White concluded a dark red color based on Li requires low LiOH(g), low Li(g) and low

temperature. ¢!

Table 1: Sabatini's chlorine-free red composition (1)

Component Sabatini's chlorine-free red (1)1
Sr(NOs): 48
Mg 50/100 mesh 33
5-AT 12
Epon 813/ ;

Versamid 140

To address the need for lower combustion temperatures, the amount of Mg was stepwise reduced
by 3 wt% with respect to 5-aminio-1H-tetrazole (5-AT). Hexamine and 5-AT are both reported to
give lower combustion temperatures.?! Next to the very hygroscopic behaviour and a pink flame
color (sum of red light generated by Li and white light generated by MgO emission), only
formulation 2 showed a constant burning (Table 2) (see electronic supplementary information

(ESI)).
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Table 2: Formulations based on LiNOs3, 5-AT or hexamine.

Component 2 3 4 5 6 7 8
LiNO; 51 51 51 51 51 51 51
Mg 30 30 24 18 15 15 15
5-AT 15 - - - - 9 -
hexamine - 15 21 27 30 21 24
Epon 813/
4 4 4 4 4 4 4

Versamid 140
NC - - - - - - 6

Repeating the experiments with hexamine instead of 5-AT surprisingly resulted in the four
strobing formulations 3, 4, 5, 6. The emission spectra of all strobe formulations look similar.
Next to the atomic emission of lithium (610 nm, 670 nm) the spectrum of 6 shows the
typical sodium and potassium (Figure 2) impurities. This oscillatory combustion was
literature known for a few binary compositions containing perchlorate salts and hexamine

but was not reported for LiNO3/hexamine formulations yet.[*”!
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12000 —-
10000 :

8000 \
/ -T\." R ..,_,,__:;.334 ms
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e 22 M

e M 16ms

11 ms
B 6 ms
0ms

6000

intensity (counts)

4000

2000

1 ! 1 ! 1 ! 1 !
400 500 600 700 800
wavelength (nm)

Figure 2. Time dependent high-speed measurement of formulation 6 (see supporting information).

The current hypothesis to explain this oscillating burning behaviour by Shimizu suggested

the consideration of a strobe composition as two couples of reaction. The dark reaction
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(small or no flame) accumulates heat to trigger the flash reaction (high-intensity flame)
which emits the characteristic colored flame.lY The recorded data (see ESI) supports this
assumption since the alternating dominant wavelengths range of approximately 604—-580
nm fits the timeline of the flash/dark phase reaction respectively (ESI for spectra and
calculation of dominant wavelength). For this reason, the dominant wavelength A4 of strobe
formulations (Table 2) presents the range of observed dominant wavelength A4 for the flash
reaction only. However, these unexpected results gave reason to believe in the possibility of

achieving a lithium-based red flare with a dominant wavelength Aq = 600 nm.

Formulation 8 Formulation 7

Figure 3: Constant burning of formulation 7 and 8.

The recorded frequencies of formulations 3, 4, 5 and 6 were in the range of approximately
3 —12 Hz (Table 3). The next step was to perform the transition starting from a certain
strobe frequency to constant burning. We pursued two possible strategies with regards to
the environmental impact. Based on our observations of the different behaviour of 5-AT or
hexamine containing formulations, we decided to investigate the effect of applying a
mixture of both fuels. Starting from composition 6, the amount of hexamine was stepwise
reduced in 3 wt% steps to 21 wt% and 5-AT (9 wt%) was added (Table 3). Unlike the
formulations with less than 9 wt% of 5-AT, which suffered from inconstant burning, 7
showed constant burning and a high averaged strobe frequency of approximately 21.6 Hz
(Figure 3). Keeping the human eye maximum sample rate of about 20 Hz in mind, our eyes
cannot further distinguish between the single flashes and 7 can be therefore considered as a

flare (= constant burning) composition.[*® Additionally, we observed that at the beginning of
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the burning, the strobe frequency was at its highest and decreased towards the end of the
burning time which allowed us to detect single flashes at the very end. The second approach
was to apply nitrocellulose (NC) to our strobe formulations. NC can act in many different
ways, e. g. as a burning rate modifier, gas generator, fuel and as a binder.®™ *°! For the
desired goal of a constant burning formulation, a higher burning rate and more gaseous
combustion products were considered to be important. Whereas a high burning rate is quite

obvious, the need for more gaseous combustion products seems not to be that clear at first.

Table 3: Properties of formulations 1 — 8.

BT DW SP L f IS FS ESD Tonset

[s] [nm] [%] [cd] [1/s] 0] [N] ] [°C]
1 4 607 79 35400 - 9 240 >0.25 231
2 5 563 55 - - 15 >360 1.25 155
3 5P 586 - 602 - - 11.7 8 >324 >1.5 170
4 26° 579 - 604 - - 3.1 9 >360 >1.5 160
5 25 576 - 610 - - 3.5 10 >360 >1.5 180
6 34 582 - 605 - - 4.1 >25 >360 1.25 165
7 30 597 70 4850 21.6 30 >360 >1.5 152
8 27 598 75 1820 21.9 9 >360 1.5 132

Annotation: a = measured for 1g pellet; b = pellet was reignited a few times, burning time is the sum of burning
intervals; all other pellets were prepared on a 2g scale; BT = burning time; DW = dominant wavelength; SP =
spectral purity; LI = luminous intensity; f = frequency; IS = impact sensitivity; FS = friction sensitivity; ESD = electric

discharge sensitivity; Tonset = Onset temperature of decomposition.

Krone observed two important properties which affect our studies.[*®! First, the addition of
gas generating compounds like guanidine nitrate or NC, provide a better flash separation
and an improved sharpness in the case of earth alkaline metal nitrates.[!’> ! Second, the
strobe effect of compositions containing alkaline nitrates is poor compared to earth alkaline
metals. According to Krone, the low melting point of the alkaline nitrates generate extra
flashes which results in uncontrolled burning and explosions with many flying sparks. 117¢ 19

We decided to apply this strategy to our discovered strobe formulations. The idea was to
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achieve either constant burning by a dominating (= higher) NC content or to generate as
many gaseous combustion products which produce a maximum of flashes and cannot be

further detected as single flashes.

Again, formulation 6 served as the starting point of our investigations. The amount of
hexamine was stepwise reduced with respect to the NC content with 8 showing the best
performance. The measured frequency was 21.9 Hz and well above the maximum sample
rate of the human eye. High-speed video recording showed a qualitatively higher number of
glowing sparks evolving from the pellet surface which constantly ignited the evolving gases
resulting in a higher flash frequency compared to non-NC containing formulations. All
developed formulations show at least similar or better sensitivity values (IS, FS, ESD)
compared to the reference formulation 1. Only formulation 3 is slightly more sensitive
towards impact. With respect to the onset temperatures, 1 showed the highest temperature
whereas 8 had the lowest (100 °C difference). All other formulations were in between 132 —
231 °C. Grain sizes of the formulations as well as the Mg fuel and frequency measurements

are reported in the electronic supplementary information (ESI).

The present study on lithium-based flares surprisingly not only resulted in the discovery of a
perchlorate-free formulation but also a completely chlorine-free environmentally benign strobe
system. There is no further need for applying substances as K,Cr.O7 or hexachlorobenzene as a
frequency catalyst. Finally, the observed flash separation is comparable to the earth-alkaline metals
based compositions. The obtained frequencies are in the range of 3 — 12 Hz, as well as above 20 Hz.
Through the use of either NC or a combination of hexamine and 5-AT, constant burning was
achieved and formulations 7 and 8 might be better referred to as flare compositions. Especially 8
suffered less from the hygroscopicity issues due to the higher binder content. From a practical point
of view, it is now possible to adopt the burning behaviour of pre-mixed solid materials for
pyrotechnical formulations (flare or strobe) until the final steps of adding the epoxy binder system
and waiting for the curing process. Moreover, the discovery of a chlorine-free strobe system might
serve as a starting point for further colored strobe systems. Current research in our group is focused

on yellow strobes since both emitters (Li, Na) need a reductive flame atmosphere. Regarding the
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already existing and increasing environmental regulations with pyrotechnics, the discovered strobe

systems, as well as the red flare compositions are in accordance with the common goal to provide

“greener” pyrotechnic formulations which might be interesting for both military and civilian (e.g.

indoor firework) applications.
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Supporting Information

1. Chemicals

Table 1: Chemicals.

Chemicals Supplier Purity
Sr(NOs)2 Griissing GmbH 98 %
LiNOs Sigma Aldrich Reagent Plus
Mg 50/100 mesh Sigma Aldrich Reagent Grade 98 %
Mg Grissing GmbH 97 %
5-Amino-1H-tetrazole abcr 98%
Hexamine Acros organics 99 %
Epon 813 Hexion -
Versamid 140 Miller-Stephenson -
Collodion solution
Nitrocellulose Sigma Aldrich (4-8%
ethanol/diethylether)

2. Grain size/particle size of formulations and Mg

We discovered that the grain size after grinding was mainly influenced by the applied magnesium.
The supplier of Mg (Grissing GmbH, 99%) reported the grain size in the range of 60 — 300 um. This
Mg was applied in formulations 2 — 8. However, manually sieving revealed that even smaller grain
sizes were present. For this reason we quantitatively determined the grain size distribution of a 10g
Mg sample applying different sieves. In addition, we used REM measurements (Figure 1, 2) to
determine the particle shape of the applied Mg. In formulation 1, Mg (Sigma Aldrich, Reagent Grade
98%, 50/100 mesh) and a binder ratio of Epon 813/Versamid 140 (4:1) were applied.
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Figure 2. SEM_2 of Mg (Grlssing GmbH, 99%).

3. Sample preparation
The samples were weighed out according to their weight percentages (max. 1 g total) into a mortar.
After grinding by hand for 3 min, both the Epon 813 (20 mg/mL) and the Versamid 140 solution
(10 mg/mL) in ethyl acetate were added using a syringe. For nitrocellulose, we applied Colloidon
solution (4-8 % in ethanol/diethylether) to the pre-grinded solid materials. The mixture was blended
with a spatula every 10 min until the solvent was evaporated. The solid material was stored over
night at 70 °C in the drying oven for curing. Before consolidation, the pyrotechnic material was
grinded again by hand for 3 min. The formulations were pressed with the aid of a tooling die (inner
diameter 12.9 mm) into a cylindrical shape. The formulation powders were pressed at a

consolidation dead load of 2 t with a dwell time of 3 s. A torch was used to ignite the pellets.
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4. Optical emission spectroscopy

Dominant wavelength/spectral purity/luminous intensity:

Optical emissive properties were characterized using both a Ocean optics HR2000+ES spectrometer
with an [LX511B linear silicon CCD-array detector (range 190-1100 nm) and included
software/calibration files from Ocean Optics. Spectra were recorded with a detector-sample
distance of 1.00 m. The acquisition time for the flare formulations was 20 ms/scan. The dominant
wavelength (DW) and spectral purity (SP) were measured based on the 1931 CIE method using
illuminant C as the white reference point. Four samples were measured for each formulation and all
given values are averaged based on the full burn of the mixture. The controlled burn was filmed

with a digital video camera recorder (SONY, DCR-HC37E).

Frequency measurement:

Frequency measurements were performed using an acquisition time of 5 ms/scan or 1 ms/scan.
Dominant wavelengths were measured based on the 1931 CIE method using illuminant C as the
white reference point. The range selection for recording a signal was set the range from 580.11 nm
—680.14 nm covering all previously recorded dominant wavelengths as well as the red light part in
the visible spectrum. Calculation of the frequency was done by detecting the single peaks applying
the Origin Pro 9.0 software and calculating the period of time between the single peaks (= flash

reactions).

5. High-speed camera
Setup:
Highspeed video recording was performed applying the “SpeedCam Visario G2 1500” by
Weinberger AG with the accompanied “Visart 2.2” software package. Following data is taken from
the supplier data sheet:
Sensor: High-Speed APS-CMOS Sensor
Active Sensor area: 16.89 x 11.26 mm (W x H)
Active pixel size: 11 um Square
Image formats: 768 x 512 pixel: up to 4000 frames per seconds

Shutter: Electronic shutter down to 10 psec.

156



Chapter 4

Dynamic range: color depth to 30 Bit
The applied camera lens was purchased from Sigma (24-70 mm, 2.8 EX DG, Macro, diameter 82

mm). In addition, a Heliopan Filter UV SH-PMC 82mm was applied.

High-speed video recording procedure:

The bare pellet was placed in the fume hood and ignited by applying a torch. No prime composition
was applied. The distance between the camera and the pellet (same height) was approximately 1
m. Due to the camera settings and applied lense/filter, additional halogen lamps to illuminate the

fume hood were applied. A sequence of several seconds was recorded for selected formulations.

6. Emission spectra of formulations 2, 6 and 8.
Li emits two sharp lines in the red region at 671 nm and 610 nm with decreasing intensity.!!
Unfortunately, the human eye’s capability to detect light is limited by the so-called cone cells. These
3 different types of photoreceptor cells show their own distinctive sensitivities to different
wavelengths. The overlap of the single cones results in the human eye’s response to light.!l The
highest sensitivity to detect light also referred to as the peak of photopic response is at 555 nm
(green region, 100 %). In the case of higher wavelengths, the sensitivity decreases below 10 % at
670 nm.2 As a consequence, the emission line at 610 nm (approximately 50 %) is far better
detected by the human eyes though being less intense and contributing to the red light
performance.’?) A look at the emission spectra of formulation 2 reveals a strong background
emission (incandescence produced by condensed MgO, LiO, LiOH and Li,O) (Figure 3). As a result,
the spectral purity drops and the dominant wavelength is given as 563 nm. Due to illuminant C as
the white reference point, the contribution of the green emission (part of background emission) is
weighted higher compared to red light and results in a calculated dominant wavelength (averaged
over the entire burning for each single scan) of 563 nm. Formulation 8 (Figure 4) showed less

background radiation and results in a higher spectral purity as well as dominant wavelength.
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Figure 4. Constant burning of formulation 8.
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Figure 5 shows a recorded sequence of formulation 6. Starting from the second recorded spectrum
(dark reaction, t = 0 ms), a spectrum was recorded every 1 ms for 34 ms in total. As can be, the
background radiation increases with increased intensity of the formulation (= highest value for Li

emission at 670 nm). No unidentified light-emitting species was detected in the recorded spectra.
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Figure 5. Time dependent high-speed measurement of formulation 6 (1 ms/scan).
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7. Frequency spectra
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Figure 8. Frequency measurement of formulation 5 with 5 ms/scan.
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4.4 Development of a Sustainable Perchlorate-Free Yellow Pyrotechnical Strobe

Formulation

Reprinted with permission from ACS Sustainable Chem. Eng. 2018, 6, 4400-4404.
(DOI: 10.1021/acssuschemeng.8b00105) Copyright 2018 American Chemical Society

Novel yellow-light-emitting pyrotechnical strobe formulations absent of any chlorine sources were
developed. The five yellow strobe formulations cover a frequency range of 7 Hz < x < 20 Hz and do
not use potassium dichromate, which is frequently applied as a stabilizer. Frequency measurements
and a comparison to a literature-known state-of-the-art red reference strobe formulation revealed
a comparable flash separation. In addition, the newly developed formulations meet the
requirements of the U.S. Environmental Protection Agency and European regulation law REACH
(Registration, Evaluation, Authorization and Restriction of Chemicals), as they do not contain any
substances of very high concern, heavy metals, or chlorine atoms (Interim Drinking Water Health
Aadvisory for Perchlorate; Office of Science and Technology, Office of Water, Health and Ecological
Criteria Division, U.S. Environmental Protection Agency: Washington DC, 2008). Potential resulting
synergies with a proposed replacement candidate for the Mk 144 yellow marine smoke and
illumination signal might combine commercial and environmental sustainability, which enhances

the chances for future application in both the military and civilian sectors.

Introduction

Firework displays are commonly used to celebrate national holidays or public events, such as New
Year's Eve, the Fourth of July in the United States or big sports events. Starting from early
childhood, many people are attracted to fireworks due to characteristic special effects, the colorful
lights, whistling sounds, and loud cracks. These impressive effects often outshine the negative
concomitants such as the bad smell and smoke clouds. These smoke clouds consist of burned as
well as unburned materials, which are capable to of affecting human health even on a one-time
exposure. In contrast to public opinion, the impact of a single event might not be neglectable. For
example, Kulshrestra et al. showed that barium concentrations in air increased by more than a

factor of 1000 over the course of the Indian Diwali festival.l! Barium salts are the traditional
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colorants that produce the green color in pyrotechnical displays. Upon combustion, very poisonous
water-soluble Ba' compounds, such as BaCl,, BaO, and Ba(OH),, are formed. For the colors red and
yellow, strontium and sodium salts are used, respectively. It is obvious that environmental risk
increases with a higher frequency of events. In the United States, amusement parks such as Disney
World and the U.S. Army training grounds show a high consumption of pyrotechnical
formulations.? In 1997, the critical concentration of the perchlorate anion in groundwater
exceeded the maximum permissible level advised by the U.S. Environmental Protection Agency
(EPA), which resulted in an all live fire training stop at Camp Edwards. ! The main health threat of
perchlorate oxidizers arises from the similar ionic radius compared to that of iodine, which results in
an interference with iodine uptake in the thyroid gland. For decades, perchlorates have been used
as the oxidizer of choice, but with increasing environmental regulations, the need for alternatives

has increased.P!

In contrast to the field of constant burning (i.e. flare) formulations, where perchlorate was already
successfully replaced for the colors blue, green, red, and yellow to name only a few, there is a lack
of perchlorate-, chlorine- and heavy-metal-free options for strobe formulations.3® ¢ Recently, we
reported the development of a red strobe system based on lithium nitrate fulfilling the preset
requirements.l”! Strobe formulations are characterized by a periodically alternating flash (big flame,
bright light) and dark phase (small or no visible flame) reaction.!® The first literature reported
strobe formulations, the so-called “Orion flashing guns” (green light: mixture of sulfur, fine
magnesium/aluminium pyroflakes, and barium nitrate) date back to 1898, the mechanisms involved
have remained unclear until today."®! A short historical review of developed formulations as well as
a summary of the assumed underlying phenomena is given by Corbel et al.¥l Wasmann, Krone, and
Shimizu did a lot of work trying to explain and solve the mechanism in the past, whereas our focus
was on replacing toxic materials.[® In addition to the previously mentioned environmentally critical
compounds, potassium dichromate is often applied to coat magnesium (the fuel in such
formulations) and prevent the reaction with ammonium perchlorate.l'% 1 |t is also hypothesized
that there is a regulating power on the flash frequency and improvement to their sharpness.[*?
According to the European regulation law REACH (Registration, Evaluation, Authorization and

Restriction of Chemicals), potassium dichromate is a substance of very high concern due to the high
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toxicity and correlated long-term effects.® It may cause genetic defects and cancer, damage
fertility/unborn children, damage organs through prolonged or repeated exposure and is very toxic

to aquatic life.

To tackle the above-described environmental and health concerns arising from the use of
perchlorates, heavy metals, and potassium dichromate, we developed several new environmentally
benign yellow strobe formulations based on sodium nitrate. We took the previously reported red
strobe formulations based on lithium nitrate by Gliick et al. as a starting point.’! These new
formulations contain no halogen source, which eliminates the risk of highly carcinogenic
polychlorinated aromatic compounds such as polychlorinated dibenzodioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs).*¥ We determined
the frequencies of the flash reactions and compared the regularity of the flashes to that of a
literature-known red strobe formulation based on strontium salts, perchlorate, and potassium

dichromate.

In this paper, we present selected literature-known strobe formulations and compare them to the
newly developed yellow strobe formulations in terms of components (known toxicity issues of the
starting material) and performance values (e.g., frequency range, energetic properties). The

potential application in both the military and civilian sectors will be discussed.

Experimental Section

CAUTION! The mixtures described here are potential explosives which are sensitive to
environmental stimuli such as impact, friction, heat, and electrostatic discharge. While we
encountered no problems in the handling of these materials, appropriate precautions and proper
protective measures (safety glasses, face shields, leather coats, Kevlar gloves, and ear protectors)
should be taken when preparing and manipulating these materials.

Chemicals. The following materials were used: Mg (99%), volume-based particle size in the range of
0.3 > x > 0.0 mm, Griissing GmbH; hexamethylenetetramin (hexamine) (99.5%), abcr; NH4ClO4
(reagent grade), Alfa Aesar; SrSO4 (98%), K2Cr.07, colloidon solution (nitrocellulose solution in

Et,O/EtOH, 4 — 8 wt%), Sigma-Aldrich; MgAl (1:1), Omikron GmbH; NaNOs (98%), Appli Chem; Epon
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813, Hexion; Versamid 140, BASF. A binder system (50 wt% Epon 813/ 50 wt% Versamid 140) was
applied. All chemicals were used as provided without further purification. The literature states a
maximum grain size of approximately 100 um to observe the strobe effect.[!%! However, we
observed the strobe effect in our formulations by applying a mixture of different grain sizes
covering the range of 300 um and smaller.

Sample Preparation. All solid materials were weighed out into a mortar. After grinding, the binder
solutions were added followed by a curing step. Before the powder was pressed into a cylindrical
shape, the powder was ground again. For details regarding the sample preparation, chemicals and

Mg grain sizes/shapes, see the Supporting Information (Table S1, Figures S1 —S3).

Results and Discussion

Ingredients of Existing and New Yellow Strobe Formulations. A pyrotechnical formulation consists
of an oxidizer, fuel, colorant (e.g., Ba(NOs),, SrSO4, Na;S04), and sometimes additives to adjust the
burning behavior. Typical applied oxidizers are potassium and ammonium perchlorate as well as
nitrates (Table 1). The choice of fuel has a big influence on the resulting burning temperature. For
this reason, metal fuels such as magnesium or magnalium are applied if high burning temperatures
are desired. Other options for lower burning temperatures are compounds such as sulfur, sugar,
hexamine, 5-aminotetrazole, or nitrocellulose. Antimony sulfide (Sb,S3) may also act as a fuel;
however, it is often used in flash formulations to promote the detonation inclination.[*°d The
application of Sb,Ss is alarming. There is limited evidence for the carcinogenity of this compound,

which makes it a suitable candidate for replacement. "]

Table 1. Selected Literature-Known Strobe Compositions. [0

ingredient (wt%)
component A B° c
Mg (60 mesh, coated with K>Cr,0;) 40 30
MgAl (coated with linseed oil) 12
NH4ClO4 50 50
Ba(NO3):; 33
KNO3 7
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SrS04 20
NazSO4 10

BHC® 11

sulfur 27

Sb,S3 5

sodium oxalate 5

KCr,0; (act as stabilizer) 5 5

Annotation: a: total amount = 100 wt% + 5 wt% stabilizer = 105 wt%; b: BHC = benzene hexachloride.

The corresponding metal sulfates and sodium oxalate are used as the colorant agent. Benzene
hexachloride (BHC) is applied as a HCl source upon ignition. According to Shimizu, it is not as
effective as the more commonly used poly (vinyl chloride) (PVC). The benefit of BHC is that it does
not disturb the flickering of the flame.['° The toxicological effects are immense, since BHC is
bioaccumulative and is classified by the International Research Agency on Cancer (IARC) and the
EPA as a probable human carcinogen.*® The toxicological and environmental effects of potassium
dichromate were already explained in the Introduction. A combination of Epon 813/Versamid 140
was applied as the chlorine-free two-component binder system (Table 2). Sodium nitrate might be

used as both an oxidizer and a colorant agent for yellow light.

Table 2. Formulations-Based on NaNOs.

ingredient (wt%)
component 1° 2 3 4 5 6 7
NaNO; 51 51 51 51 51 51 47
Mg 12 23 15 12 15 12 21
hexamine 33 22 30 33 30 33 28
Epon 813/ 4 4
Versamid 140 (1:1)
NC (mL) 1 1 2 2 2

Annotation: measured for 1g pellet; a = no constant burning, NC solution = 4 — 8 wt% in Et,O/EtOH.
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Comparison of the Observed Regularity and Sharpness of the Flashes. Corbel et al. reported that
the strobe effect of formulation C was good with regard to the regularity and sharpness of the
flashes.l'”! The recorded frequency measurement is shown in Figure 1. The spectrum was recorded
with a spectrometer maximum scan rate of 1 scan/ms (for details regarding the experimental setup,
measurement procedure, and optical emission spectroscopy, please see the Supporting
Information). In general, we observed a good separation of the flashes, which is indicated by an
intensity value of 0 before the flash reaction (local intensity maximum) and after each local
maximum for a series of events. Of the tested formulations by Corbel et al., formulation C was
reported to be within the best series. Examples of worse peak separation are given in the

Supporting Information (Figures S2 and S4).

16000 —
14000 —
12000 —
10000 — ‘

8000 -

6000

intensity (counts)

4000

2000

H"__L

time (s)

Figure 1. Frequency measurement (1 ms/scan) of formulation C.

The recorded frequency spectrum of formulation 4 (Figure 2) looks similar when compared to that
of formulation C. The regularity of the single flash’s maximum intensity looks similar, whereas a
difference is observed for the peak separation. Approximately halfway through the burning, we
were able to observe smaller, broad peaks between two peaks with high intensity (between
27 and 35 s). The number of these small peaks is significantly higher in formulation 4 compared to

formulation C. A high scan rate (5 ms/scan or lower) is essential to reveal the true time period of
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the flash reaction. Otherwise, two separate flashes might be mistaken for just one broad signal. At
the same time, a fast flash reaction (Figure 1) results in a sharp signal which also contributes to a
good peak separation. The peaks in formulation 4 are broadened, which provides us more
information about the speed of the flash reaction. Since we did not observe the same behavior in
formulation C, we conclude that the flash reaction of formulation 4 is slower than that of the
reference formulation. High-speed video recording (Figure 3) proved this hypothesis. The time
period of the bright flash of formulation 4 lasted approximately 290 ms, whereas it was 53 ms in the
case of formulation C (see the Supporting Information, Figure S9). Another big difference is that
formulation C shows a dark-phase reaction with absolutely no light output, whereas formulation 4

changes between a small flame (dark phase) and a bigger and brighter flame (flash reaction).
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Figure 2. Frequency measurement (1 ms/scan) of formulation 4.

Our results indicate that the magnesium content directly affects both the burning time and the
strobe frequency. Higher magnesium content resulted in a shorter burning time and a higher

frequency (Table 3). The effect on the burning time is literature-known and can be easily explained
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by the heat-conducting properties of metals in general. A higher metal content promotes heat
transfer and results in shorter burning times. Within the series of strobe formulations, formulation

2 had the shortest burning time, whereas formulations 4 and 6 had the longest.

t=0ms t=505ms t=101.3ms t=157.0ms

t=219.0ms t=2498ms t=277.8ms t=302.3ms

t=322.3ms t=343.8ms t=395.0ms t=425.8ms

Figure 3. Time-resolved images of the burning of a strobe pellet (composition 4 in Table 2).

The obtained flare (i.e., constant burning, spectral purity 77 %) formulation 7 had an even shorter
burning time, which can be explained by the lack of dark-phase reactions to generate the necessary
heat for combustion. At the same time, a faster heat transfer from the top layer of the pellet to the
next layer results in shorter dark phases. Since the dark-phase reaction is always followed by a
flash-phase reaction in a strobe formulation, the overall flash frequency increases with shorter

dark-phase reactions.
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Table 3. Properties of Formulations Cand 1-7.

BT DW f IS FS ESD Tonset

(s) (nm) (1/s) ) (N) V) (°C)
C 6.0 589-618 5.4
1 nd 583-589 40 >360 1.5 358
2 103 583-589 20>x>15 30 >360 1.5 338
3 134 583-589 12.1 15 >360 1.0 139
4 197 583-589 6.6 15 >360 0.75 137
5 103 583-589 11.4 15 >360 0.75 139
6  19.9 583-589 9.7 15 >360 0.65 138
7 7.4 588 10 >360 0.65 139

Annotation: Measured for 1g pellet; n.d. = not determined, pellet showed no constant burning; The spectral purity
(SP) of formulation 7 was 77%; BT = burning time; DW = dominant wavelength; f = frequency; IS = impact

sensitivity; FS = friction sensitivity; ESD = electric spark discharge sensitivity.

Energetic Properties of Newly Developed Formulations. All newly developed formulations were
tested toward their energetic properties regarding impact, friction and shock sensitivity. According
to the Bundesanstalt fir Materialforschung (BAM) and the U.N. recommendations on the transport
of dangerous goods, none of them were sensitive toward friction, which is crucial for both safe
manufacturing and handling (see the Supporting Information for the classification ranges). The
impact sensitivities of formulations 2 — 7 are categorized as sensitive. Formulation 1 is less sensitive

toward impact. The ESD values are in the range of 1.5 —0.65 J.

Conclusion

An environmentally benign yellow strobe formulation was presented, which according to REACH
and the EPA does not contain any substances of very high concern and can therefore serve as a
greener alternative to existing formulations. The frequency range covered by these formulations
starts at 7 Hz and goes up to more than 15 Hz. We assume that, in the military sector, for training
purposes as well as combat actions, the newly developed formulations can remedy the
environmental impact while still providing a reliable signal formulation. Smaller variations or

inconsistencies in the flash regularity might be neglectable since strobe formulations are not
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expected to be as accurate as the Morse code. To our knowledge, small deviations in the frequency
of the same colored strobe formulation do not transmit different information to the observer.
Almost all ingredients involved are applied by a recently published alternative yellow flare
formulation by Miklaszewski et al., which might promote synergies in the future, e.g., the same
supply chains and application of the same materials.’®?! For the application in the civilian sector, the
reduced regularity of flashes might be an issue in big organized fireworks, which are often
accompanied by music. Irregular flashing would impede the correct timing from an esthetic point of
view. One remaining question is whether it is also possible to change the frequency by changing the
magnesium grain size instead of changing the ratio of ingredients. A better understanding of the
mechanism involved, in this yellow system and the recently published red strobe system by our

group, would strongly reduce the amount of extensive trial and error procedures.
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Supporting Information

1. Chemicals

Table S1. Chemicals.

Chemicals Supplier Purity

SrSO4 Sigma Aldrich 98 %

MgAl (1:1), grain size 100

_ Omikron GmbH -

microns

NH4ClO4 Alfa Aesar Reagent grade

Mg Grissing GmbH 99 %

Hexamine Acros organics 99 %

Epon 813 Hexion -

Versamid 140 Miller-Stephenson -
Collodion solution

Nitrocellulose Sigma Aldrich (4-8%
ethanol/diethylether)

K2Cr,07 Sigma Aldrich 99 %

NaNO3 AppliChem 98 %

2. Grain size/particle shape of formulations and Mg

We discovered that the grain size after grinding was mainly influenced by the applied magnesium.
The supplier of Mg (Griissing GmbH, 99%) reported the grain size in the range of 60 — 300 um. This
Mg was applied in formulations 1 — 7. However, manually sieving revealed that even smaller grain
sizes were present (Figure S2). For this reason we quantitatively determined the grain size
distribution of a 10g Mg sample applying different sieves. In addition, we used REM measurements
(Figure S2, S3) to determine the particle shape of the applied Mg. In formulation C, Mg (Griissing
GmbH, 99%, 60 mesh) was applied.
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a. Mg grain size distribution

The applied Mg was sieved to determine the grain size fractions in the powder.

36,96%
31,47%

I 600 um
- 300 Mum —{-'51%
I 150 pm 23 899%

I 106 um '

71 pm

B smaller 71 um

Figure S1. Mg grain size distribution.

Five different sieves with a size of 600 um, 300 um, 150 pum, 106 um, 71 um were applied
(Figure S1). 99.8% of the Mg powder passed through the biggest (600 um) sieve. The obtained
fractions are shown in Figure S1. The color code describes the weight percentage (wt%) of the
powder that did not pass through the smaller sieve, e.g. 7.51 wt% are in between 300 — 150 um. In
this case the Mg powder did not pass through the 150 um sieve. It is notable that 68.43 wt% of the

applied Mg powder has a grain size smaller than 106 pum.

b. Mg particle shape
Scanning electron microscopy (SEM) measurements were done to determine the particle size and
shape qualitative. The powder can be characterized as a mixture of course ground and fine ground

Mg.
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Figure S3. SEM_2 of Mg (Griissing GmbH, 99%).

3. Sample preparation
The samples were weighed out according to their weight percentages (max. 1 g total) into a mortar.
After grinding by hand for 3 min, both the Epon 813 (20 mg/mL) and the Versamid 140 solution
(10 mg/mL) in ethyl acetate were added using a syringe. For nitrocellulose, we applied Collodion
solution (4 — 8 % in ethanol/diethylether) to the pre-grinded solid materials. The mixture was
blended with a spatula every 10 min until the solvent was evaporated. The solid material was stored

over night at 70 °C in the drying oven for curing. Before consolidation, the pyrotechnic material was
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grinded again by hand for 3 min. The formulations were pressed with the aid of a tooling die (inner
diameter 12.9 mm) into a cylindrical shape. The formulation powders were pressed at a

consolidation dead load of 2 t with a dwell time of 3 s. A torch was used to ignite the pellets.

4. Optical emission spectroscopy

4.1 Dominant wavelength/spectral purity/luminous intensity:

Optical emissive properties were characterized using both an Ocean optics HR2000+ES
spectrometer with an ILX511B linear silicon CCD-array detector (range 190 — 1100 nm) and included
software/calibration files from Ocean Optics. Spectra were recorded with a detector-sample
distance of 1.00 m. The acquisition time for the flare formulation was 20 ms/scan. The dominant
wavelength (DW) and spectral purity (SP) were measured based on the 1931 CIE method using
illuminant C as the white reference point. Four samples were measured for each formulation and all
given values are averaged based on the full burn of the mixture. The controlled burn was filmed
with a digital video camera recorder (SONY, DCR-HC37E).

4.2 Frequency measurement:

Frequency measurements were performed using an acquisition time of 1 ms/scan. Dominant
wavelengths were measured based on the 1931 CIE method using illuminant C as the white
reference point. The range selection for recording a signal was set the range from 560.11 nm —
610.14 nm. Calculation of the frequency was done by detecting the single peaks applying the Origin

Pro 9.0 software and calculating the period of time between the single peaks (= flash reactions).

5. High-speed camera
5.1 Setup:
High-speed video recording was performed applying the “SpeedCam Visario G2 1500” by
Weinberger AG with the accompanied “Visart 2.2” software package. Following data is taken from
the supplier data sheet:
Sensor: High-Speed APS-CMOS Sensor
Active Sensor area: 16.89 x 11.26 mm (W x H)
Active pixel size: 11 um Square

Image formats: 768 x 512 pixel: up to 4000 frames per seconds
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Shutter: Electronic shutter down to 10 psec.

Dynamic range: color depth to 30 Bit

The applied camera lens was purchased from Sigma (24-70 mm, 2.8 EX DG, Macro, diameter 82
mm). In addition, a Heliopan Filter UV SH-PMC 82 mm was applied.

5.2 High-speed video recording procedure:

The bare pellet was placed in the fume hood and ignited by applying a torch. No prime composition
was applied. The distance between the camera and the pellet (same height) was approximately 1
m. Due to the camera settings and applied lense/filter, additional halogen lamps to illuminate the

fume hood were applied. A sequence of several seconds was recorded for selected formulations.

6. Energetic properties
The impact and friction sensitivities were determined using a BAM drophammer and a BAM friction
tester. The sensitivities of the compounds are indicated according to the U.N. Recommendations on
the Transport of Dangerous Goods (+): impact: insensitive >40 J, less sensitive >35 J, sensitive >4 J,
very sensitive 4 J; friction: insensitive>360 N, less sensitive=360 N, sensitive >360 N >80 N, very
sensitive <80 N, extreme sensitive <10 N. Additionally all formulations were tested for sensitivity
towards electrical discharge using an Electric Spark Tester ESD 2010 EN. Decomposition points were
measured with an OZM Research DTA 552-Ex Differential Thermal Analyzer. Measurements were

performed at a heating rate of 5 °C/min.

7. Recorded spectra
The maximum recorded intensity was set to the value | = 10 (no light emission | = 0). All intenisites
are given relative to the highest value | = 10 in following style: Formulation (Intensity 1-10).
A comparison of the maximum recorded relative intensities of all constant burning strobe

formulations reveals following trend:

C(10.0)>2(5.4)>7(3.2) >3 (2.2) >4 (2.0) > 5 (1.8) > 6 (1.7)
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Figure S4. Formulation 3.
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Figure S5. Formulation 4.
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Figure S8. Formulation 2.

1. Frequency measurement of reference formulation C

t=0ms t=4.25ms t=11.0ms
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t=70.3ms ['=83.0 ms t=85.3 ms

Figure S9. High speed video recording of formulation C (4000 frames per seconds).
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Figure S10. Sr red strobe reference C.
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