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ABSTRACT
Toxic and environmentally harmful components of pyrotechnic compositions require to be substitutedwith alternative substances.
Therefore, the subject of this work was the burning rate investigation of the Al/SrO2 and Si/CaO2 pyrotechnic delay compositions.
The delay elements were prepared by pressing the compositions into pellets and transferring them into delay tubes. However,
the Al/SrO2 pellets were also placed into the delay tube and post-pressed to determine if any differences in the burning rate
were measurable. The dependency of the burning rate in relation to the pellet diameter, binder content, delay tube material,
and artificial aging of the compositions was investigated. Further, the impact of the aging as well as of the binder content on
the ignition temperature of the compositions was determined. The used silicon powders were characterized by means of Raman
spectroscopy, particle size analysis, and BET surface area analysis. Raman spectroscopy was also used to investigate differences
between the freshly prepared and artificially aged pyrotechnic compositions. The investigation of friction and impact sensitivity of
the compositions, with andwithout use of the binder, resulted in the classification of both compositions as insensitive. In addition,
the mechanical pellet stability in dependency of the binder content was determined, which increased with the binder content.

1 Introduction

Energetic materials are found in a wide variety of applications,
ranging frommilitary to civilian use. The civilian sector uses them
in fireworks, automated fire extinguishing systems, car airbags,
and blasting applications [1, 2]. An important component for
the blasting applications is the pyrotechnic delay composition,
or the delay element. It is used to set time intervals between
individual detonations of explosives and consists of a fuel, at least
one oxidizing agent, and a binder [1, 2]. However, the components
of such compositions often contain hazardous materials like
Pb3O4 and BaCrO4 [3, 4]. The negative impact on human and

environmental health caused by those toxic components [3, 5]
results in the need for research focusing on the substitution of
said substances.

A significant amount of research has already been accomplished
to examine the potential of alternative, environmentally friendly
pyrotechnic compositions. The work of Wojewódka and Gerlich
[6] focused on the investigation of alkaline earth metal peroxides
in thermite compositions. The investigated systems are described
to have a high potential for delay applications due to their burning
rate being independent of the pressure inside of detonator
shells. Further, Koenig et al. [3] studied possible replacements
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for the traditionally used tungsten delay composition. A very
promising oxidizer consisting of SrMoO4 was found to be a
possible substitute for BaCrO4 and resulted in burning rates of
the investigated composition ranging from 1.4 to 29.9 mm s−1.
This allows for further development through the investigation of
additional alternatives building on the results.

The study presented in this manuscript was accompanied by the
book “Green Chemistry—Principle and Practice” by Anastas and
Warner [7]. The authors outline 12 principles of green chemistry,
providing guidelines for designing more human-friendly and
environmentally friendly systems.However, although the authors
concentrate on synthetic routes, some of the rules presented
can be applied in other fields of chemistry, like, for example,
the pyrotechnical sector. Although this work considered the
first six principles of green chemistry [7], the most important
contribution can be attributed to the following two of the six rules.
Principle 2, which requires ensuring stoichiometric equilibrium.
This principle ensured that the created compositions were most
likely gasless [2], due to the fact that the oxidizer and fuel (e.g.,
metal powder) equilibrated. This is the reason why the fuel
content of the compositions was not varied in this study and led
to the investigation of alternative methods to modify the burning
rate of the investigated delay elements. The othermention-worthy
principle is Principle 5, which requires the use of safe auxiliaries
and solvents. Due to possible hydrolysis of the used peroxides,
water as a solvent could not be used [8]. To completely abandon
the use of solvents, this work focused on the use of a dry binder.
This decision led to the elimination of drying processes (Principle
6: energy efficiency), reduced waste production (Principle 1:
waste prevention), and, in addition, simplified the process of
composition preparation. As a result of the application of one
principle, other principles were automatically considered during
the development.

The aim of this study is focused on the development and inves-
tigation of alternative pyrotechnic delay compositions for gasless
delay elements [2]. The delay elements used in this workwere not
produced conventionally by pressing the composition into a delay
tube or by filling, forming, and cutting the delay tube into sections
of defined length [1, 9, 10]. Instead, the delay elements were
prepared by processing the compositions into pellets and filling
them into the delay elements. Afterward, the delay compositions’
burning rates were investigated. The preparation process as well
as requirements regarding the pellets, such as no use of nitrates
and defined diameters and heights of pellets, are described in
detail in a previous publication [11]. The previous study focused
on magnesia-based CaO2 and Li2O2 compositions while varying
the dry binders as well as the particle size of the oxidant and
presented the measurement method. In this follow-up study, the
investigated compositions consist of CaO2 and SrO2 as oxidants,
Si or Al as fuel, and magnesium stearate (MgSt) as the dry binder.
The experiments investigated the impact of the binder content,
delay tube material, and pellet diameter on the burning rate.
Due to the fact that pyrotechnic compositions can degrade due
to their aging [12], the investigated compositions were artificially
aged to determine if the burning rates stay stable in the long
term. The two different silicon powders were characterized by
means of their particle size distribution, BET surface area, and
Raman spectroscopy. The spectroscopic method was also applied
to the freshly prepared and thermally aged delay compositions.

An ignition point determination in dependency on the binder
content was performed.Moreover, the effect of the artificial aging
on the ignition temperature was investigated. The effect of the
binder content on the stability of the produced pellet was also
investigated. Finally, the compositionswere investigated in regard
to their friction and impact sensitivity.

2 Experimental Section

2.1 Materials

The used strontium peroxide and calcium peroxide powders were
provided by Sigma Aldrich and had a purity of 98% for the
strontium peroxide and >75% for the calcium peroxide powder.
The impurities of the calcium peroxide powder are most likely
CaO, CaOH, and CaCO3; however, the provider does not state
which impurities to what extent are present in the material,
and the confirmation would require a characterization of the
said powder, for example, with an XRD. Further, the aluminum
powder “Pyro 5413H,” with a purity of 99.5% and a particle size
<5 µm, was provided by ECKHART GmbH. Two different silicon
powders were used; one of the powders was silicon SPM10 (Si),
a gray powder with a purity of 99.9% and a particle size <10 µm.
The powderwas provided byWerth-Metall, and the porous silicon
(pSi), a brown powder, was provided by LabChem Röttinger, but
no information about purity for this powder was provided by the
manufacturer. Further, there is an uncertainty if the “porous”
silicon powder is truly a porousmaterial. The product was bought
as porous material, but the label on the container of delivered
silicon stated “Silicon Powder amorphous.” Therefore, the pSi
powder was analyzed by means of BET, particle size analysis,
and Raman spectroscopy. At last MgSt was provided by Thermo
Scientific with a minimum purity of 95%.

2.2 Preparation of Compositions and Delay
Pellets

2.2.1 Al/SrO2 Compositions

A Kern DBS 60-3 scale (Kern & Sohn GmbH, deviation
d ═ 0.001 g) was used for the weighing of the raw materials.
The Al/SrO2 compositions were prepared while using MgSt
as the binder with different binder contents. SrO2 was milled
with a ball mill (Erich Bolling GmbH & Co., Keramik und
Sondermaschinenbau) to reduce the particle size of the peroxide,
which resulted in a particle size range between 20 and 40 µm.
The particle size range was determined while using appropriate
analytical stainless-steel sieves. The powderwasmilled for 20min
before sieving the groundmaterial and repeated until the powder
would pass the 40 µm sieve. The binder was added on top of the
previously prepared peroxide and fuel composition, which was
weighed in stoichiometric equilibrium. The weight ins and the
percentual amount of the materials in the SrO2 compositions are
listed in Table 1.

Further, the composition with 5% Binder (Al/SrO2 2) was repro-
duced, and after the pellets were prepared, a delay tube was
loaded with two pellets, which were post-pressed into the delay
tube using the tablet press TDP0. This was to determine if the use
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TABLE 1 Al/SrO2 compositions with different contents of the
magnesium stearate (MgSt) binder.

Composition
m(SrO2)

(g)
m(Al)
(g)

m(MgSt)
(g)

Binder
content
(wt%)

Al/SrO2 1 3.502
84.9%

0.521
12.6%

0.103
2.5%

2.5

Al/SrO2 2 3.502
82.7%

0.523
12.3%

0.212
5.0%

5

Al/SrO2 3 3.505
80.5%

0.524
12.0%

0.326
7.5%

7.5

Al/SrO2 4 3.503
78.3%

0.523
11.7%

0.448
10.0%

10

TABLE 2 Si/CaO2/MgSt compositions using different silicon pow-
ders and a binder content of 5 wt%.

Composition
m(CaO2)

(g)
m(Si)
(g)

m(pSi)
(g)

m(MgSt)
(g)

Si/CaO2 3.423
82.9%

0.500
12.1%

—
—

0.208
5.0%

pSi/CaO2 3.419
82.9%

—
—

0.500
12.1%

0.206
5.0%

of pellets results in a higher standard deviation of the burning
rates.

2.2.2 Si/CaO2 Compositions

The Si/CaO2 compositionwas prepared twice while using the two
different silicon powders. The peroxide powder was also milled
while using the ballmill, resulting in a particle size range between
20 and 40 µm. Both compositions were prepared by first weighing
in the oxidizer and fuel, followed by adding 5 wt% of the MgSt
binder on top. The weight ins and the percentual amount of
materials in the CaO2 compositions are listed in Table 2.

Moreover, the pSi/CaO2 composition was prepared two more
times in order to process it into pellets of different diameters.
Lastly, the pSi/CaO2 composition was produced a fourth time to
be used in an aluminum delay tube.

2.2.3 Processing of Prepared Mixtures

After composition preparation, all of the mixtures were sieve
brushed through a 100 µm sieve to eliminate possible agglom-
erates from the compositions. The prepared compositions were
further mixed by the use of a 3D Shaking mixer (3D Pul-
vermischer Turbula, Willy A. Bachofen AG Maschinenfabrik).
Afterward, the compositions were processed into pellets with
a diameter of 4.04 mm while using a tablet press (TDP0, LFA
Machines, 3.1 kN). The processing of the powders into pellets
included the following steps:

FIGURE 1 Schematic of test setup to determine maximum weight
load of a pellet.

1. filling of the press die with the composition by the dosing
device;

2. pressing of the powder with a movable press plunger;

3. ejection of the pressed pellet with a movable ejector plunger.

Moreover, the pSi/CaO2 composition was processed into pellets
with a diameter of 3.55 and 3.05 mm.

2.3 Determination of Mechanical Pellet Stability

To determine the maximum weight load until a pellet fracture
occurs, the test setup shown in Figure 1 was realized.

The ejector pin (total weight: 40.14 g) consisted of a movable
punch (weight: 16.67 g, diameter: 5 mm) and a stationary holder
(weight: 23.47 g). AKern PCB 2500-2 scalewas used for theweight
determination (Kern & Sohn GmbH, d ═ 0.01 g). The ejector pin
was fixed over a stainless-steel plate using a stand clamp. The
pellet was then positioned centrally between the punch and the
plate, as shown in Figure 1.

The stampwas loaded with a 100 g weight and gradually replaced
with a 100 g heavier weight. This process was repeated until the
pellet to be tested was fractured. The maximumweight of the test
weights used was 3000 g.

The weights used showed a minimum deviation of ±0.01 g and
a maximum deviation of ±0.05 g. The stainless-steel block used
was replaced by the Kern PCB scale in preliminary tests. This
was to ensure that no weight loss occurred at the lower end
of the movable stamp due to friction between the movable and
stationary parts of the test setup. No loss of the total weight could
be determined. The weight force under which the pellets cracked
was calculated.

Al/SrO2 pellets with different binder contents (2.5–10 wt%) were
used to determine the influence of binder content on themechan-
ical pellet stability. Both the axial and radial loads till fracture
were determined while using five pellets for each determination.
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2.4 Ignition Point Measurements

The determination of the ignition point was performed while
using a deflagration point apparatus (HT Heizblock Thermostat
DT 400, Reichel & Partner GmbH). For this purpose, three test
tubes were filled with 200 mg of the sample each. The apparatus
was preheated to 100◦C, and the test tubes were placed for
2 min inside the heating block to reach thermal equilibrium.
Afterward, the samples were heated at a rate of 12◦C min−1

until a deflagration occurred or, if no reaction occurred, the
maximum temperature of 400◦C was reached. The ignition point
was determined for the Al/SrO2/MgSt composition with all the
binder content variations as well as for the thermally aged
sample. The pSi/CaO2/MgSt compositionwas also investigated as
a freshly prepared and as a thermally aged sample. The data from
triplicate determination were used to calculate the mean value as
well as the standard deviation of the ignition temperature.

2.5 Particle Size and BET Surface Area
Measurement

To differentiate between the silicon powders used, the surface
area and the particle size distribution of both samples were
analyzed.

The BLUEWAVE Particle Size Analyzer fromMicrotrac was used
to determine the particle size distribution of both silicon powders.
The particle size was determined bymeans of laser granulometric
measurement of the powder particles used. Particle sizes from
0.01 to 2800 µmwere detectable.Water was used as the dispersion
medium. For this purpose, a small sample quantity was added
to the dispersion unit of the measuring device until the nec-
essary obscuration was achieved to determine the particle size
distribution (displayed on the measuring device).

The BET surface area of the two silicon powders was deter-
mined using the Monosorb Rapid Surface Area Analyzer from
Quantachrome Instruments. Nitrogen was used as the adsorptive
gas, whereas the two silicon powders, Si (m ═ 0.0191 g) and
pSi (m ═ 0.0185 g), were used as adsorbents. The nitrogen in
the sample vessel was cooled to −196◦C using a cold trap. After
saturation of nitrogen on the sample surface, the vessel was
heated, and the volumeof desorbednitrogenwas used to calculate
the surface area. A triple determination of the surface area was
carried out, and finally the specific surface area in m2 g−1 was
calculated. An analytical scale KERN ADB 200-4 (Kern & Sohn
GmbH, deviation d ═ 0.0001 g) was used for the weighing of the
silicon powders.

2.6 Determination of Impact and Friction
Sensitivities

The impact sensitivity was determined using a Fallhammer with
a weight of 3.182 kg and a maximal height of 1.30 m. Further,
the friction sensitivity tests were performed using the friction
apparatus (Model BAM, Reichel & Partner GmbH). Both sensitiv-
itieswere determined in accordancewithBAMrecommendations
[13]. Both the aged and freshly prepared compositions were
subjected to the determination of the sensitivities.

2.7 Raman Spectroscopy

Spectroscopic measurements were performed while using the
Pendar X10 mobile Raman spectrometer. The samples were mea-
sured 10 times each and stacked, with an excitation at 830 nm and
a distance between the sample and spectroscopic device of 30 cm.
The spectroscopic method was used to differentiate between the
silicon powders as well as to determine if aging processes could
be seen between the spectra of fresh and aged samples.

2.8 Thermal Aging of Compositions and Pellets

Themixtures pSi/CaO2 andAl/SrO2, eachwith 5%MgSt as binder,
were processed into pellets and subjected to simulated aging
[14]. Moreover, both pyrotechnic mixtures in powder form were
thermally aged. The pellets were investigated with regard to their
burning time, whereas the mixtures in powder form were used
for further investigations using Raman spectroscopy and to deter-
mine the deflagration point. The environmental simulation oven
Binder APT.Line (E3.1) MKFT 115 was used for thermal aging.
The samples were stored for 11 days at 80◦C [14, 15] and ambient
humidity. A thermal cycling load was not used, as the MIL-STD-
810H indicates known problems with the use of pellets [16].

2.9 Burning TimeMeasurement

The setup for the determination of burning times of pellets was
already described in a prior publication [11]. Measurements of the
burning rates were performed with a light sensor (photodiode,
wavelength: 430–1100 nm), and a digital oscilloscope (Tektronix
DPO 3012, 100 MHz, 2.5 GS s−1) was used for the evaluation of
burning times. Further, the ignition of the delay pellets, which
were placed in V2A stainless steel tubes with an inner diameter
of 4.16 mm and a wall thickness of ∼1 mm, was achieved by the
use of a bridge wire SO7A (Fr. Sobbe GmbH). The 3.55 mm pellets
used an altered tube with an inner diameter of 3.67 mm, and the
3.05 mm pellets were used with a tube with an inner diameter of
3.17 mm. Thus, the space between the pellets and the tubes was
kept at∼0.12mm, and the wall thickness was∼1 mm for all tubes.
The aluminum tubes for the pSi/CaO2 experiment had the same
geometries as theV2A stainless steel tubeswith an inner diameter
of 4.16 mm. The burning time measurements were performed in
accordance with the previous study [11].

All measurements of the pellet’s diameters, weights, and heights
were performed while using the Kern DBS 60-3 scale and a
digital caliper gauge with glass scale DIN 862 (MIB-Messzeuge
GmbH, accuracy ═ 0.03 mm). These were required to determine
the burning rates of the delay elements as well as for the
determination of pellet densities.

3 Results and Discussion

3.1 Results: Mechanical Pellet Stability
Determination

The Al/SrO2/MgSt pellets could not be destroyed while being
axially loaded with the maximum weight of 3000 g. Therefore,
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FIGURE 2 Results of the force needed to achieve a radial fracture
of the Al/SrO2/MgSt pellets while taking different binder contents into
account.

TABLE 3 Results of the radial load of pellets until fracture occurred
with the resulting force.

Binder
content (wt%)

Weight until
fracture (g)

Radial force
(N)

2.5 1000–1100 9.81–10.79
5 1300–1400 12.75–13.73
7.5 1600–1700 15.70–16.67
10 1900–2000 18.64–19.62

the force needed to destroy the pellets via axial load is >29.43 N.
This makes sense, taking into account that the pellets are axially
pressed with 3.1 kN. However, a radial load of the pellets would
lead to pellet fracture. The results of the radial load tests until
pellet fracture occurred are shown in Figure 2.

The increase in binder content of the produced pellets leads to
better pellet stability while being axially loaded. The maximum
weight loads and resulting forces until pellet fracture occurred are
shown in Table 3.

The increase in the binder content led to a higher mechanical
stability while being radially loaded. This most likely occurs due
to more binder particles being present in the composition and
resulting in more particles that are held together by adhesion
[17]. Although the pellet stability increases with the increase
of the binder content, a threshold for a maximum stability
is possible. Nonetheless, this statement would require further
investigation of pellets with further increased binder contents.
Moreover, investigations using a compression testing machine
could be of interest and allow a statement on how the alteration
in binder content influences the elastic and plastic deformation
of the pellets. However, the results indicate that there is a
minimal requirement of 5% binder in the delay composition for
the delay pellets to work properly, when taking into account the
results of the burning rate determination, where pellets with a
binder content of 2.5%would be destroyed during the combustion
process and unreacted pellet parts could be found near the

TABLE 4 Ignition temperature of Al/SrO2/MgSt compositions with
different binder contents ranging from 0% to 10%.

Binder
content (%)

T1
(◦C)

T2
(◦C)

T3
(◦C)

𝑻̄

(◦C)
s

(◦C)

0 >400 >400 >400 >400 —
2.5 >400 >400 >400 >400 —
5 298.4 298.6 299.8 298.9 0.6
7.5 295.8 296.6 299.6 297.3 1.6
10 294.9 297.6 299.6 297.4 1.9

TABLE 5 Ignition temperature of freshly prepared and thermally
aged compositions with 5% magnesium stearate (MgSt) as binder.

Composition
T1
(◦C)

T2
(◦C)

T3
(◦C)

𝑻̄

(◦C)
s

(◦C)

Al/SrO2 298.4 298.6 299.8 298.9 0.6
Al/SrO2 aged 301.2 295.6 299.5 298.8 2.3
pSi/CaO2 302.3 298.9 299.9 300.4 1.4
pSi/CaO2
aged

289.1 291.8 292.7 291.2 1.5

experimental setup. Moreover, the ignition problems of pellets
with 10% binder could get worse if the binder content is further
increased. This would also require further investigations to be
confirmed.

3.2 Results of Ignition Point Determination

The results of the ignition point determination for the
Al/SrO2/MgSt composition, without and with the use of
incremental amounts of the binder, are shown in Table 4.

The ignition point of the compositions without and with a binder
content of 2.5% is >400◦C. It is not clear if the addition of the
binder reduces the ignition temperature of said composition due
to the temperature range of the used setup. Further, the addition
of 5%, 7.5%, and 10% of MgSt as binder reduces the ignition
point of the composition to about 297◦C. Thus, there seems to
be a minimum amount of binder in the composition to reduce
the ignition point of the mixture. However, additional increase
of the binder content does not lower the ignition point any
further. The results show a higher standard deviation for the
samples with binder contents of 7.5% and 10%. This could be
due to of change of the thermal conductivity of said mixtures
as a result of higher binder contents or inhomogeneity of the
samples. The change in the ignition temperature is most likely
attributed to the decomposition of the binder or its reaction
products participating in the ignition process [8]. An investigation
of the used compositions with a DSC could give a deeper insight
of the combustion process. The results of the ignition point
measurements of freshly prepared as well as thermally aged
Al/SrO2/MgSt and pSi/CaO2/MgSt samples are shown in Table 5.
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TABLE 6 Particle size results of both silicon powders.

Sample d.10 (µm) d.50 (µm) d.90 (µm)

Si 3.06 5.00 7.77
pSi 0.06 0.97 4.22

While viewing the results of theAl/SrO2/MgSt as freshly prepared
and thermally aged samples, no change in the mean ignition
temperature can be seen. However, the standard deviation of the
aged samples is four times higher than for the fresh sample,
which could indicate some aging of the sample. Further, the
pSi/CaO2/MgSt composition shows a decrease in the sample
ignition point of 9.2◦C. This seems to be a more convincible
indicator for the aging of the sample. The further decrease in the
ignition temperature is most likely a result of oxidation processes
occurring between the peroxide and the binder. It also seems that
this happens rather in the presence of pSi instead of Al, which
could indicate some catalytic processes caused by the presence
of pSi or the impurities present in the CaO2 in said mixture.
However, this statement would require further investigation of
the aging process to be verified.

3.3 Results of Particle Size and BET Surface Area
Measurements

The results of the particle size measurements of both silicon
powders are listed in Table 6.

Both of the silicon powders show different particle size distri-
butions. Although the Si powder had a particle size distribution
between 1.95 and 13.08 µm, the particle size distribution of the pSi
powder was in the range of 0.03–9.85 µm. However, about 50% of
the particles of the pSi powder were in the nm range, whereas
the Si powder particles were in the µm range. The difference in
the particle size distributions would explain the faster burning
rates achieved while using the pSi powder [18]. The results of the
surface area measurements of both silicon powders are listed in
Table 7.

There is a difference in the specific surface area while comparing
both of the silicon samples. Although the Si sample has a specific
surface area of 2.23m2 g−1, the pSi sample shows a specific surface
area of 11.65 m2 g−1. The measured specific surface area of the
pSi is far below the expected specific surface area of >50 m2 g−1
[19]. In comparison, the bigger specific surface area of the pSi
sample can more likely be attributed to its smaller particle size
distribution rather than to the porous character of the sample.
The bigger surface area of the pSi powder, as a result of the smaller
particle sizes of the powder, is therefore most likely the reason for
the faster burning rates of the pSi/CaO2/MgSt composition [9].

3.4 Results of Impact and Friction Sensitivities

The impact sensitivities of all compositions, for example, Al/SrO2,
Si/CaO2, and pSi/CaO2 without andwith the use of∼5%MgSt as a
binder, were >40 J. Further, the investigated friction sensitivities
were estimated to be >360 N for all the compositions. The same

FIGURE 3 Raman spectra of Si and pSi samples (blue: Si and red:
pSi) at 830 nm.

FIGURE 4 Raman spectra of freshly prepared and thermally aged
pSi/CaO2/MgSt samples as well as the CaO2 used in the experiments
(blue: aged sample, red: freshly prepared sample, and green: CaO2
sample) at 830 nm.

results were determined for the agedAl/SrO2/MgSt and pSi/CaO2
samples. Thus, all investigated compositions can be declared as
insensitive to impact and friction.

3.5 Results of Raman Spectroscopy

The spectroscopic analysis of both the powders and compositions
were placed on top of each other for a better comparison. The
results of the silicon powder measurement are shown in Figure 3.

The sample of the Si sample shows a sharp peak at ∼520 cm−1.
This peak can be attributed to crystalline silicon [20]. Although
the pSi sample also shows a sharp peak at ∼520 cm−1, the peak
is slightly broader in the intensity range of 450–500 cm−1 and
already starts at about 450 cm−1. This could possibly indicate
that the powder has a small proportion of amorphous Si powder.
However, the typical amorphous band between 420 and 520 cm−1

[20] could not be detected for the sample. There is also the
possibility for the broader pSi peak being a result of nanoparticles
being present in the sample [21], which was confirmed by the
means of particle size analysis. Thus, the results lead to the
conclusion that the pSi sample is mainly crystalline and could
have a small amount of amorphous content, which would require
further investigation by means of XRD, for example. The results
of the Si powder analysis suggest that the sample is crystalline.
The results of CaO2 as well as the pSi/CaO2/MgSt Raman
measurement before and after thermal aging are displayed in
Figure 4.
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TABLE 7 Surface area results of both silicon powders.

Sample M (g)
Surface

area 1 (m2)
Surface

area 2 (m2)
Surface

area 3 (m2)
BET-specific

surface (m2 g−1)

Si 0.0191 0.039 0.046 0.043 2.23
pSi 0.0185 0.213 0.220 0.214 11.65

FIGURE 5 Raman spectra of SrO2 sample at 830 nm.

FIGURE 6 Raman spectra of freshly prepared and thermally aged
Al/SrO2/MgSt sample (blue: aged sample and red: freshly prepared
sample) at 830 nm.

The Raman spectra of the pSi/CaO2/MgSt samples only show the
silicon band at ∼520 cm−1 [20]. The O─O bond of the peroxide
[22] at∼840 cm−1 is not visible in the investigated composition but
could be indicated due to the slightly broader and higher signal
in this area. This phenomenon occurs most likely due to the low
bulk density of the used pSi powder,whichwas about 0.067 g cm−3

(50 g powder in 750 mL vessel). It seems like the peroxide powder
has been covered by the silicon, thus masking the peroxide signal
in the measurement. This shows a drawback of the spectroscopic
method in terms of the investigation of powdered compositions.
However, no significant differences were detected between the
freshly prepared and thermally aged samples. Although the peak
intensity of the aged sample is slightly higher in comparison to
the fresh sample, this is not likely to be attributed to the aging
of the sample. The mentioned difference in the peak intensity is
most likely due to inhomogeneities of the investigated powder
compositions. Figure 5 shows the results of the SrO2 Raman
measurement.

The Raman spectra of the SrO2 sample show a sharp peak at
∼860 cm−1, which can be attributed to the O─O bond [22]. The
shift to higherwavenumbers, in comparison to theRaman spectra
of Li2O2 [22], is most likely attributed to the difference of the
peroxide cation [23]. Figure 6 displays the results of the Raman

measurement of the Al/SrO2/MgSt compositions before and after
thermal aging.

TheRaman spectra of both the aged and the freshly prepared sam-
ple show a sharp peak of the peroxide bond of SrO2 at ∼860 cm−1.
The peak intensity is higher in the aged sample in comparison
to the freshly prepared sample. This is most likely, like already
stated for the pSi/CaO2/MgSt samples, due to inhomogeneity
in the powdered compositions. In addition, the intensity of the
peroxide signal is 95% lower in the composition in comparison
to the raw SrO2 sample in Figure 5. This also shows the ability
of metal powders to mask other peaks in the measurement. This
effect most likely appears due to the absorption and scattering
of the laser when interacting with the metal powder component
in the mixtures. Further, the aged sample shows a noticeable
difference in the Raman shift between 1600 and 1800 cm−1.
There are two explanations for this phenomenon. First, the
binder could be oxidized by the peroxide in the composition,
resulting in ameasurable increase of C═Obonds [24]. The second
possibility could also be caused by differences in the homogeneity
of analyzed samples. The oxidation of the binder introducing
C═O bonds would require further investigation with appropriate
analytical methods to be further verified.

3.6 Burning TimeMeasurement Results

The results of the burning time measurement are presented as
burning rates, due to the fact that the burning rate takes the pellet
heights into account and thus gives a more accurate statement
in terms of the results fluctuation and their standard deviation
in comparison to the burning time. The results of the performed
studies are shown below. The densities of the pellets are described
as percent of the TMD (%-TMD).

3.6.1 Al/SrO2/MgSt

The results of the burning rate measurements of the
Al/SrO2/MgSt pellets are shown in Figure 7.

The pellets with 2.5% binder achieved between 33% and 36% of
the TMD. The determinedmean burning rate for the composition
was 15.1 ± 3.4 mm s−1. However, parts of unreacted pellets were
found after the combustion of the delay elements. Therefore, the
determined burning rate for the composition with 2.5% binder
is flawed. Further, the %-TMD for pellets with 5% binder was
between 30% and 33%. The experiments resulted in a mean
burning rate of 4.9 ± 0.4 mm s−1. Here, no unreacted pellet
parts could be found near the experimental setup; this also
applies to the pellets with 7.5% and 10% binder. The pellets
with 7.5% binder had a %-TMD between 33% and 35%. The
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FIGURE 7 Burning rates of Al/SrO2/MgSt composition with differ-
ent binder contents (blue: 2.5%, green: 5%, red: 7.5%, and black: 10%). The
dashed lines are used for visual aid and have no further meaning.

burning rate measurements resulted in a mean burning rate of
2.0 ± 0.2 mm s−1. Finally, the pellets with 10% binder resulted in
a %-TMD between 33% and 36%. The determined mean burning
rate for those experiments was 1.6 ± 0.1 mm s−1. The successive
decrease in burning rate with the increase of the binder content
is most likely a result of the degradation of the binder. This
would result in energy deprivation from the redox reaction,
which mainly occurs between the peroxide and the fuel [8]. A
direct correlation in the individual measurements between the
%-TMD and the burning rate [25] could not be determined. The
fluctuations in the burning rate, for the measurements with 5%,
7.5%, and 10% binder, are most likely attributed to the broad
particle size range of the oxidizer (20–40 µm) [18]. However, a t-
test results in significant differences between the burning rates
for all of the binder contents (p values < 0.008).

It’s also important to note that some of the pellets with 10% binder
could not be ignited at the first firingwith the bridgewire, and the
ignition process had to be repeated up to five times. However, it is
possible that this problemwould not occur in a closed system like
a detonator due to different pressure conditions. The comparison
of the burning rate measurements of Al/SrO2/MgSt pellets with
5% binder, both as pellets (already shown in Figure 7) and as
pallets post-pressed into the delay tube, is shown in Figure 8.

The post-processing of the pellets into the delay tube resulted in
delay elements with a %-TMD between 37% and 40%. Further,
the determined mean burning rate of the experiments was
3.9 ± 0.3 mm s−1. This leads to a 1.0 mm s−1 slower mean
burning rate as well as a reduction of the standard deviation
by 0.1 mm s−1. A t-test p value of 6.36e−6 indicates significant
differences between both measurements. The reduction of the
burning rate and standard deviation can be attributed to the
higher %-TMD [25] as well as the direct contact of the delay
composition with the delay tube wall, which should lead to better
thermal conduction resulting in a depravation of energy from the
reaction into the tube material, leading to a slower burning rate.
However, a difference in the heat transfer between the pellets
and the tube material for both experiments would require further
investigation to be verified. This could be achieved by measuring
the temperature of the delay tube during the combustion of

FIGURE 8 Burning rates of Al/SrO2/MgSt compositionwhile using
delay pellets (black) and after post-pressing pellets into a delay tube (red).
The dashed lines are used for visual aid and have no further meaning.

FIGURE 9 Burning rates of Al/SrO2/MgSt composition after ther-
mal aging (red) and of freshly prepared samples (black). The dashed lines
are used for visual aid and have no further meaning.

pellets and the post-pressed pellets. The comparison of the freshly
prepared as well as thermally aged Al/SrO2/MgSt compositions is
shown in Figure 9.

The preparation of the pellets, which were thermally aged, led
to a %-TMD between 34% and 37%. The thermally aged pellets
resulted in a burning rate of 4.6 mm s−1 with a standard deviation
of 0.3 mm s−1. In comparison, the burning rate was 0.3 mm s−1
slower with a decrease of 0.1 mm s−1 of the standard deviation.
However, the p value of the t-test was 0.07; thus, there is no
sign of significant differences between both samples. This is true
if the significance threshold is set at p = 0.05. The measured
decrease of the burning rate is most likely due to degradation of
the peroxide leading to a reaction between the binder or the fuel,
as well as due to the slightly higher %-TMD [25] of the thermally
aged pellets. From the results it can be concluded that themixture
should be reliable even after long-term storage. However, the
results could differ if the artificial aging process were performed
with a humidity of 90% rather than ambient humidity, due to the
humidity sensibility resulting in hydrolysis of the peroxide in the
composition.
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FIGURE 10 Burning rates of Si/CaO2/MgSt and pSi/CaO2/MgSt
composition (black: pSi, red: Si). The dashed lines are used for visual aid
and have no further meaning.

3.6.2 Si/CaO2/MgSt and pSi/CaO2/MgSt

The results of the burning rate measurements of the
Si/CaO2/MgSt and pSi/CaO2/MgSt pellets are shown in Figure 10.

Delay pellets using Si as fuel resulted in a mean burning rate of
4.2 ± 0.6 mm s−1. While using the pSi powder as fuel, the delay
pellets achieved a mean burning rate of 8.9 ± 0.8 mm s−1. The
use of the pSi powder as fuel therefore leads to a significantly
higher burning rate (p value = 6.56e−10). The difference in the
mean burning rate between the two samples can be a result of
differences in the morphology (e.g., crystalline and amorphous
Si), the porosity of the powders, and the particle size distribution
of both samples. The reason for the difference in the burning rates
is further discussed in Sections 3.4 and 3.6, where the analytical
methods were applied. Further, the pellets with Si as fuel had a
%-TMD between 34% and 36%, whereas the pSi pellets achieved a
slightly different %-TMD, which was between 33% and 37%. Thus,
the difference in the %-TMD shouldn’t have a big impact on the
mean burning rate of both delay compositions [25]. The burn rate
determination results of the pSi/CaO2/MgSt composition with
different pellet diameters are shown in Figure 11, including the
already presented results of pSi pellets with 4.04 mm diameter
shown in Figure 10.

The mean burning rate and %-TMD of pSi pellets with a diameter
of 4.04mmwas already stated under Figure 10 (8.9± 0.8 mm s−1).
Further, the mean burning rate of pSi pellets, with a diameter
of 3.55 mm, was 8.4 ± 1.0 mm s−1. Those pellets achieved a %-
TMD between 34% and 40%. For the pSi pellets with a diameter of
3.05 mm, the mean burning rate was 11.1 ± 1.1 mm s−1 and the %-
TMD was between 34% and 37%. For a better overview, the mean
burning rates are shown as boxplots in Figure 12.

While comparing the burning rates of pSi pellets with different
diameters, the differences between the pellets with diameters of
4.04 and 3.05 mm as well as 3.55 and 3.05 mm are significant (p
value of t-test < 0.05). The reduction of the pellet diameter by
0.99 mm leads to the highest burning rate, although the diameter
is reduced [26]. This can most likely be explained as a result of
the reduction of the pellet volume, which leads to a considerably

FIGURE 11 Burning rates of Si/CaO2/MgSt composition while
using pellets of different diameters (black: 3.05 mm, red: 3.55 mm, and
green: 4.04 mm). The dashed lines are used for visual aid and have no
further meaning.

FIGURE 12 Results of the diameter study while using the
pSi/CaO2/MgSt composition and plotting the burning rate as mm s−1 as
a boxplot.

lower mass of the pellets while keeping a similar pellet density.
Although the pellets with a diameter of 4.04 mm had a mass
between 76 and 90 mg, resulting in pellet densities between 0.80
and 0.86 mg mm−3, the pellets with the diameter of 3.05 mm
resulted in a mass between 50 and 58 mg leading to a pellet
density between 0.79 and 0.85 mgmm−3. Therefore, while having
the same length, a noticeably smaller amount of material needs
to be combusted, most likely leading to the faster burning rate.
In contrast, the pellets with a diameter of 3.55 mm had a mass
between 70 and 81 mg, leading to pellet densities between 0.86
and 0.94 mg mm−3. The small difference in mass between pellets
of the 4.04 and 3.55 mm diameters, coupled with the higher pellet
densities for the 3.55 mm pellets, therefore does not have such
an impact on the burning rate like seen in the experiments with
pellets with a 3.05 mm diameter. However, by taking into account
that the burning rate can also be described as the conversation of
mass per second [27] (e.g., mg s−1), a different relation between
the diameter and the burning rate can be shown. Figure 13 shows
the burning rates asmg s−1 for the pelletswith different diameters.
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FIGURE 13 Results of the diameter study while using the
pSi/CaO2/MgSt composition and plotting the burning rate as mg s−1 as a
boxplot.

FIGURE 14 Burning rates of the pSi/CaO2/MgSt compositionwhile
using different delay tube materials (black: Al-tube, red: V2A-tube). The
dashed lines are used for visual aid and have no further meaning.

The mean burning rate as mass per second of pellets with
a 3.05 mm diameter was 131.15 ± 12.02 mg s−1. Further, the
mean burning rate for pellets with a diameter of 3.55 mm
was determined to be 147.36 ± 18.15 mg s−1, whereas the
mean burning rate of pellets with a diameter of 4.04 mm was
188.10 ± 11.79 mg s−1. The results of a t-test show that there are
significant differences in the burning rate (mg s−1) among all three
of the experiments (p values < 0.01). This leads to the result that
the combustion of compositions with a smaller diameter in fact
results in slower conversion of the pyrotechnic material [26] but
can lead to faster burning rates if measured in mm s−1. Thus, the
burning rate can be manipulated by the means of pellet diameter.
Further investigations of pellets with a diameter of 2 and 1 mm
would be interesting. The burning rate measurement results of
pSi/CaO2/MgSt pellets while using V2A (as already shown in
Figures 10 and 11) and aluminum as delay tube materials are
shown in Figure 14.

The mean burning rate of pellets in an aluminum delay tube
was 10.0 ± 1.2 mm s−1. The %-TMD of the pellets was between
35% and 40%, and therefore the pellets had a slightly higher

FIGURE 15 Burning rates of the pSi/CaO2/MgSt compositionwhile
using a freshly prepared as well as a thermally aged sample (black: fresh,
red: aged). The dashed lines are used for visual aid and have no further
meaning.

max. %-TMD than the pellets used for the experiments with the
V2A-Tube. However, the burning rate is about 1.2 mm s−1 faster
while using an aluminum delay tube rather than the V2A-tube,
although the thermal conductivity of aluminum is higher [28].
A higher thermal conductivity of tube materials was connected
to higher heat loss in other studies [29]. However, the higher
thermal conductivity of the Al-tube, paired with its lower density
in comparison to V2A, could also lead to an increase of the delay
body temperature, thus increasing the delay pellets’ ambient
temperature and the burning rate of the composition. The slightly
higher %-TMD of pellets could also affect the burning rate of
pellets; however, a direct correlation couldn’t be determined.
This is most likely due to the already mentioned fluctuation
of measurements as a result of the particle size range of the
peroxide used. A p value of 0.02 as a result of a t-test indicates
that differences in the burning rate depending on the delay
tube material are, even if small, significant. Figure 15 shows the
burning rates of freshly prepared (already shown in Figures 5,
6, and 9) as well as thermally aged samples of pSi/CaO2/MgSt
pellets.

The determined mean burning rate of thermally aged pellets
was 8.4 ± 1.1 mm s−1. The results show a 0.5 mm s−1 slower
burning rate in comparison to the freshly prepared sample with
a 0.3 mm s−1 higher standard deviation. The %-TMD of the
pellets was between 35% and 37% and therefore slightly higher in
comparison to the freshly prepared pellets. The difference in the
burning rate is most likely attributed to the decomposition of the
peroxide during the thermal aging process and the reaction of the
generated oxygen with the fuel or binder powder. However, a t-
test results in a p value of 0.34, which means that the differences
in the burning rate are not significant. Thus, this composition
also seems to be reliable in terms of long-term stability like the
previously investigated Al/SrO2/MgSt. Table 8 shows the results
of all the burning rates for a better overview.

4 Conclusion

Alternative delay compositions,whichutilizedAl/SrO2/MgSt and
Si/CaO2/MgSt, were prepared and processed into delay pellets.
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TABLE 8 Overview of the burning rate study results.

Composition
Binder content

(%)
Pellet diameter

(mm)
Tube

material
Burning rate
(mm s−1)

Al/SrO2 1 2.5 4.04 V2A 15.1 ± 3.4
Al/SrO2 2 5 4.04 V2A 4.9 ± 0.4
Al/SrO2 2 aged 5 4.04 V2A 4.6 ± 0.3
Al/SrO2 3 7.5 4.04 V2A 2.0 ± 0.2
Al/SrO2 4 10 4.04 V2A 1.6 ± 0.1
Al/SrO2 2 post pressed 5 4.04 V2A 3.9 ± 0.3
CaO2/Si 5 4.04 V2A 4.2 ± 0.6
CaO2/pSi 5 4.04 V2A 8.9 ± 0.8
CaO2/pSi 5 3.55 V2A 8.4 ± 1.0
CaO2/pSi 5 3.05 V2A 11.1 ± 1.1
CaO2/pSi aged 5 4.04 V2A 8.4 ± 1.1
CaO2/pSi 5 4.04 Aluminum 10.0 ± 1.2

The influence of binder content, the difference between delay
elements consisting of pellets and post-pressed pellets into the
delay tube, as well as the effect of simulated aging (only for
5% binder content), were investigated for the Al/SrO2/MgSt
composition. The Si/CaO2/MgSt composition was investigated
while using two different silicon powders, one of which was
crystalline and the other of which was declared by the provider as
amorphous silicon/pSi. Further, the impact of the pellet diameter
as well as of different delay tube materials on the burning rate of
the composition was investigated. The simulated aging was also
performed on the pSi/CaO2/MgSt composition.

Al/SrO2/MgSt burning rates were determined to vary between
15.1 and 1.6 mm s−1 in dependence on the binder content (2.5%–
10%). However, pellets with a binder content of 2.5% would get
destroyed during the combustion process, and unreacted pellet
material was found near the experimental setup. Therefore, the
burning rate of said composition lies between 4.9 and 1.6 mm s−1
with a standard deviation between 0.4 and 0.1 mm s−1. The lower
the binder content, the faster the composition, whereas the stan-
dard deviation is lower for the slower burning rates. Moreover, all
of the binder study results show significant differences. Further,
a stability test was performed on pellets with Comparing the use
of pellets as well as post-pressed pellets in the delay tube, the
burning rate sinks from 4.9 to 3.9 mm s−1.

Si/CaO2/MgSt burning rates were determined to be 4.2 mm s−1
for the Si powder and 8.9 mm s−1 for the pSi powder, which leads
to significant differences between both compositions. Moreover,
the pellet diameter study resulted in a slight decrease in the
burning rate between 4.04 and 3.55 mm pellets, which, however,
was not significant. Further, pellets with a diameter of 3.05 mm
resulted in the fastest burning rate of 11.1 mm s−1. However,
when considering the burning rate as a conversion of mass per
second, the 4.04 mm pellets achieved the fastest burning rate,
whereas the 3.05 mm pellets resulted in the slowest burning
rate. In addition, the use of aluminum instead of V2A delay
tubes results in a slightly faster burning rate of 10.0 mm s−1
for the pSi/CaO2/MgSt composition. The artificial aging was

performed for 11 days at 80◦C and ambient humidity. The burning
rate of the aged Al/SrO2/MgSt pellets was 0.3 mm s−1 slower
in comparison to the freshly prepared samples. However, this
result shows a tendency but was determined to not display a
statistical relevance. A similar result was determined for the
pSi/CaO2/MgSt composition with a 0.4 mm s−1 slower burning
rate for the aged pellets with no statistical relevance. However,
further investigations of the compositions while using higher
humidity values (90%) would still be interesting.

The ignition point determination in dependency of the binder
content for the Al/SrO2/MgSt composition showed that both
the composition without and with a 2.5% binder content could
not be ignited with the used apparatus. Therefore, the ignition
temperature lies above 400◦C. While adding 5% and more of
the MgSt binder, the ignition point is significantly reduced and
lies between 297.3◦C and 298.9◦C. However, further increasing
the binder above 5% does not seem to reduce the mean ignition
temperature any further but impacts the standard deviation of
the measurements. Moreover, there was no difference between
the ignition point of the freshly prepared and thermally aged
samples. In contrast, the ignition temperature of the artificially
aged pSi/CaO2/MgSt sample was 9.9◦C lower in comparison to
the freshly prepared composition. This indicates an aging of the
sample, which could be catalyzed by the presence of the silicon if
compared to the results of the Al/SrO2 composition.

Both compositions were subjected to an impact and friction
sensitivity test. The tests were performed on compositions with
and without use of the binder. However, none of the samples
would deflagrate during the tests. Thus, both compositions are
insensitive to impact and friction, and a force or energy of>360 N
or >40 J would be required for their ignition.

The Raman spectroscopy of the freshly prepared and artificially
aged samples indicates an increase in C═O bonds in the range
of 1600–1800 cm−1 for the aged sample. However, the difference
in the spectra could also be caused by inhomogeneities in the
samples due to the fact that the binder itself consists of carbonyl
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bonds. This shows a drawback of the method while investigating
composition rather than pure substances. The pSi/CaO2 sample
only showed silicon bands in the spectra, probably as a result of
the low bulk density of the pSi powder (0.067 g cm−3). This also
shows another drawback, which makes it possible for substances
to be masked and thus not be visible in the measurement.
Further investigation of the aged samples would be required to
identify possible products formed as a result of the aging process.
Moreover, the investigation of both silicon powders leads to the
results that both powders are crystalline. Although the pSi sample
has a slightly broader peak, which could in fact indicate the
presence of some amorphous parts or simply be the result of
nanoparticles in the sample, the characteristic flat and broad
amorphous silicon peak between 420 and 520 cm−1 was not
detected.

The further characterization of the amorphous silicon/pSi pow-
der by means of BET surface analysis does not indicate that the
powder would be porous due to the surface area being 11.65 gm−2,
whereas porous material would be expected to have a bigger
surface area (>50 g m−2). The comparison of the particle size
analysis results leads to the conclusion that the differences in the
burning rate of the silicon powders is a result of themuch smaller
particle size distribution of the pSi powder (d.50 < 1 µm) rather
than due to its porosity or amorphous morphology.

Although the burning rate can be manipulated by the means of
binder content, delay tube material, and the pellet’s diameter,
further studies that could investigate the impact of the pellet den-
sity on the burning rate would be suitable. More specifically, the
investigation of pellets with a %-TMD of 50%, 60%, 70%, 80%, and
90% would be of interest. In addition, further investigation of the
pellet stability in dependency of the binder content while using a
compression-testing machine could give insight into the effect of
the binder on the plastic and elastic deformation processes. The
determination of powder impurities present in the used peroxides
would also be of interest for future studies. Furthermore, the
investigation of the combustion of the compositions while using
a DSC could give a deeper insight into the influence of binders on
the combustion.
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