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ABSTRACT
Due to the toxicity and negative environmental impact of lead- and chromate(IV and VI)-based delay compositions, alternative
substance mixtures are required to be investigated as possible substitutes for pyrotechnic materials. Therefore, the Mg/ CaO2
and Mg/Li2O2 delay compositions were subject of this work. These mixtures were processed into pellets with the aid of the dry
binders HPMC, MgSt, PEG1, PEG2 and PVP and used in delay elements. The binder content used for all the composition was
5 wt%. Burning rates were investigated while taking the influence of oxidizer particle size and the effect of different binders
into account. The results show that the combustion rate can be adjusted both via the grain size and by means of the various
binders. Further, the impact of the different binders on the ignition temperature of the Mg/Li2O2 and Mg/CaO2 compositions
was measured. The compositions were also classified as insensitive to impact and friction. However, during preparation of
delay pallets, unintended ignition of pellets occurred while using the HPMC, PEG1, PEG2 and PVP binders. For this reason,
safety measures should be followed and special care should be taken while preparing delay pellets. While the peroxides could
be identified with Raman spectroscopy, no peroxide residue was found in the reaction products of both peroxide magnesia
mixtures.

1 | Introduction

Energetic materials can be found in a variety of applications. In
addition to military use in explosives, a large number of these
materials are used in civilian applications such as automated
fire extinguishing systems, car airbags or in blasting applica-
tions [1, 2]. An important component of time-controlled
explosives is represented by pyrotechnic delay compositions,
which are used to set time intervals between individual
detonations of explosives. They consist of one or more
oxidizing agents, a fuel and a binder [1, 2].

More and more of the substances used in the field of energetic
materials are subject to risk assessment by the European
Chemicals Agency (ECHA) under the REACH Regulation

(Registration, Evaluation, Authorization and Restriction of
Chemicals). One of these substances is lead(II, IV) oxide
(Pb3O4) [3]. Due to environmentally harmful and toxic proper-
ties of lead [4], lead(II, IV) oxide is a substance of very high
concern according to REACH. It has been on the list of
substances eligible for authorization since 2012. In addition,
lead(II, IV) oxide is already subject to a restriction in some
applications in accordance with Annex XVII of REACH
Regulation (EG) No. 1907/2006 [5]. Accordingly, lead(II, IV)
oxide could also be included in Annex XIV of the REACH
Regulation and would require authorization for placing on the
market and for its use. This creates the need for research and
development of substances and mixtures that could represent a
more environmentally and health-friendly alternative to con-
ventionally used substances.
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Such development processes can be accompanied by the
book “Green Chemistry - Principle and Practice” by Paul T.
Anastas and John C. Warner [6]. While Green Chemistry
outlines 12 principles for designing more human- and
environmentally friendly syntheses [6], some of these rules
can be applied to other chemical industries. During this
work, the first six principles of Green Chemistry have been
considered. For example, to comply with principle 5 (Safe
auxiliaries and solvents [5]) no solvents were used while
preparing the delay composition. This resulted in the use of
dry binders, which eliminated drying processes and thus
reduced the energy consumption (principle 6), reduced waste
production (principle 1) and simplified the composition
preparation process. Following one principle of Green
Chemistry can lead to the automatic consideration of other
principles. A second principle used, that needs to be
mentioned, is the compliance with principle 2, which means
ensuring the stoichiometric equilibrium. This principle can
also contribute to create gasless delay compositions [2].
Therefore, the fuel content was not varied in this work and
other methods to modify the burning rate of delay pellets
were investigated.

A substantial amount of research was already done to
investigate alternative and environmentally friendly pyro-
technic compositions. For example, Koenig et al. [7] inves-
tigated a possible replacement for the traditional tungsten
delay. It was found that SrMoO4 was a very promising
substitute for BaCrO4 and the delay composition could reach
burning rates between 1.36 and 29.87 mms� 1. Also, Woje-
wódka and Gerlich [8] investigated the alkaline earth metals
peroxides, namely SrO2 and BaO2, in termite pyrotechnic
compositions. The investigated iron and alkanine earth
metals peroxide systems are described to have a high
application potential. The already successful and promising
research creates the opportunity for further investigations of
alternative pyrotechnic compositions.

The aim of this work is the development and investigation of
alternatives mixtures for the production of gasless delay
elements [2]. In contrast to conventionally produced delay
elements, the mixtures were not pressed directly into a delay
body [1, 9, 10] or produced by filling, forming and subsequent
cutting to length of pipe sections [1, 9]. Instead, the mixtures
were first pressed into pellets, transferred into delay elements
and then examined. The following requirements were placed
on the delay pellets:

* Mixtures must not contain any compounds containing
lead or chromate in the oxidation state +4 and +6

* The pellets must be able to be ignited by a bridge wire

* Two pellets stacked on top of each other should ignite and
thus burn through like one delay body

* To realize the smallest possible geometries of the compo-
nents, individual pellets should not exceed a length of
5 mm and have a diameter of about 4 mm

* The use of nitrates should be avoided in order to not
generate any other gases in addition to the decomposition
products of the binding agents

Before testing the delay pellets, the deviation of the measure-
ment setup and the ignition delay of the bridge wires was
determined. Afterwards two alternative delay compositions,
Mg/CaO2 and Mg/Li2O2, were investigated. In addition to the
two pyrotechnic mixtures themselves, various binders were
used and their effect on the impact and friction sensitivity,
ignition temperature and burning time was investigated.
Further the effect of the particle size of the Li2O2 oxidant on
the burning time was determined. Raman spectroscopy was
used to determine whether the oxidizing agents were either
completely decomposed or consumed during the reaction, to
ensure that no further oxidation reaction would occur if other
metal powders would be introduced to the reaction products.

2 | Experimental Section

2.1 | Materials

Lithium peroxide and calcium peroxide powders were supplied
by Sigma Aldrich, whilst the magnesium powder was supplied
by Werth-Metall. The following binders hydroxypropyl methyl-
cellulose (HPMC), magnesium stearate (MgSt), polyethylene
glycol (PEG1, average molecular weight 10.000), polyethylene
glycol 20.000 (PEG2, average molecular weight 20.000) and
polyvinyl pyrrolidone (PVP) were obtained as fine powders
from Thermo Scientific. The purities of the powders were
declared by the suppliers as Li2O2 90%, CaO2 75%, Mg 99.8%
and MgSt 95%. To reduce the grain size of the peroxide
powders a ball mill (Erich Bolling GmbH & Co., Keramik und
Sondermaschinenbau) was used. The grain size range of the
peroxides and magnesium powder was determined by man-
ually sieving the powders through appropriate sieves.

2.2 | Preparation of Compositions and Delay
Pellets

The pyrotechnic compositions were prepared in such a way,
that the fuel and the oxidizing agent were initially in
stoichiometric equilibrium. Afterwards 5 wt% of the binder was
added to the composition.

The Mg/CaO2 composition was prepared while using five
different binders, as well as without the addition of a binder to
the mixture. The oxidant was milled resulting in a grain size
between 11 and 40 μm. The composition consisted of 2.777 g
CaO2, 0.703 g Mg and 0.183 g of the respective binder while a
weight deviation of �0,002 g occurred during sample prepara-
tion. This resulted in a composition containing 19% Mg, 76%
CaO2 and 5% of the respective binder. Six samples were
prepared, where the composition with MgSt as binder was
produced twice for reproducibility purposes. A Kern DBS 60–3
scale (Kern & Sohn GmbH, deviation d=0.001 g) was used to
weighing the used material. Further the theoretical maximum
density (TMD) for the Mg/CaO2/MgSt composition was calcu-
lated to be 2.603 g/cm3 (densities used for calculation: Mg
1.74 g/cm3, CaO2 2,92 g/cm3 and MgSt 1.03 g/cm3).

The Li2O2 powder was used with different grain size ranges.
The grain size was reduced through the usage of the ball mill
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for 20 minutes before sieving the powders until the desired
particle size range was achieved. The Mg/Li2O2/MgSt composi-
tions with the different grain sizes are listed in Table 1.

Thus Mg/Li2O2/MgSt compositions contain 31% Mg, 64% Li2O2
and 5% MgSt. The magnesium metal powder used for the
preparation of the delay compositions had a particle size range
between 5–40 μm.

The delay compositions were prepared by mixing the oxidant,
fuel and binder powders, followed by sieve brushing the
mixture through a 100 μm sieve to eliminate agglomerates.
Afterwards the composition was mixed for 3 minutes using a
3D-Shaking mixer (3D Pulvermischer Turbula, Willy A.
Bachofen AG Maschinenfabrik). Further the compositions
were pressed to pellets with a diameter of 4.04 mm while using
a TDP 0 Tablet Press (LFA Machines, 3.1 kN). Figure 1 shows
the used Tablet Press TDP 0.

While the Crank (1) was moved clockwise, the dosing device
(2) slid over the press die (5) which was filled with the
pyrotechnic composition. After filling the press die, the
movable press plunger (4) was moved downwards, pressing the
powder into a pellet. In the last step of the pressing process,
the movable ejector plunger (6) was moved upwards and
ejected the pellet which then was removed and stored in a snap
cover glass. This process was repeated until the desired number
of pellets was produced.

2.3 | Burning Time Measurement

The determination of setup deviations, bridge wire delay times
and the burning times of pellets was carried out with the digital
oscilloscope (Tektronix DPO 3012, 100 MHz, 2.5 GS/s) and a
light sensor (photodiode, wavelength: 430–1100 nm). The
individual experiments are explained below.

2.3.1 | Determination of the Setup Deviation

To determine the measurement deviation, due to the electronic
components and sensitivity settings of the used setup, an LED
with adjustable delay times was used. A schematic of the
measurement setup is shown in Figure 2.

While the LED was located in place of the bridge wire, the
bracket for the delay elements was not used (compare with
Figure 3). The delay of the trigger for the LED was adjusted to
be 1 ms and 5 ms. The sensitivity of the photodiode was varied.
In the initial two measurements, the photodiode sensitivity
utilized for the determination of the bridge wire delay and
pellet burning time was applied. Furthermore, an enhanced
sensitivity of the photodiode was applied for further measure-
ments, to ascertain whether modified sensitivities influenced
the determined delay time.

2.3.2 | Determination of the Bridge Wire Delay Time

In addition to determining the measurement deviation of the
experimental setup, it was necessary to determine the delay
time of the SO7A bridge wires used for the ignition of delay

TABLE 1 | Mg/Li2O2/MgSt compositions with different grain size ranges.

Composition m(Li2O2) [g] m(Mg) [g] m(MgSt) [g] Grain Size [μm]

Mg/Li2O2 1[a] 3.156 1.506 0.250 63–100

Mg/Li2O2 2 2.022 0.958 0.158 30–63

Mg/Li2O2 3 2.022 0.958 0.158 11–40
[a] Mg/Li2O2/ 1 uses the same stoichiometry as composition 2 and 3. The mass of the powders was reduced to minimize waste.

FIGURE 1 | Tablet press TDP 0 used for the production of delay
pellets. 1) Crank for operating the tablet press. 2) Connecting piece to
move the dosing device. 3) Dosing device. 4) Movable press plunger.
5) Press die. 6) Movable ejector plunger.

FIGURE 2 | Schematic of measurement for the determination of
setup deviation.
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pellets. For this purpose, the bridge wires were clamped in an
ignition source (4.27 A). This resulted in a mostly analogous
setup as already described under 2.3.1. 30 bridge igniters were
tested, and the mean value and standard deviation were
calculated from the results.

2.3.3 | Determination of the Pellet Burning Time

The initiation of the bridge (SO7A, Fr. Sobbe GmbH) wire,
which lead to the ignition of the delay pellets, was the starting
point of the measurement. The ending point of the measure-
ment was reached after the photodiode was triggered due to a
light impulse generated by the delay composition. For both
signals the first flank of each signal was used to determine the
difference in time. The sensitivity of the photodiode was set so
low, that lowering it further would result in a lack of trigger
from the light impulse. Figure 3 shows a schematic of the
experimental setup.

Preliminary tests were carried out to determine the deviation of
the experimental setup and to determine the time delay of the
bridge wires used to ignite the delay composition. The burning
time was evaluated via the digital oscilloscope.

Before determining the burning time, the weight, height and
diameter of the pellets were determined. The weight was
determined on the Kern DBS 60-3 scale. The diameter and
height of the pellets were determined using a digital caliper
gauge with glass scale DIN 862 (MIB Messzeuge GmbH,
accuracy=0.03 mm). The respective results were used to
calculate the density and burning rate of pellets.

After weighing and measuring a pellet, it was placed in a
stainless steel (V2A) tube. Two pellets per test were placed in
the tube. A hole with a diameter of 2 mm was drilled in the
bottom of the tube to allow the light generated by the pellet to
pass through to the detector. A technical drawing of the delay
tube used in the experiments is shown in Figure 4. Small
deviations in the tube geometries occurred due to processing,
which resulted in an inner diameter of 4.16 mm of the delay
tube. For statistical purpose the burning time of 10 filled delay
tubes were determined.

The estimated burning time and pellet height were used to
calculate the burning rate of the delay pellets.

While the presented method for the preparation of the delay
pellets and delay elements is simple and cost efficient there is a
drawback worthy to mention. Due to the loose-fitting pellets in
the delay element (pellet diameter 4.04 mm, delay tube inner
diameter 4.16 mm) there is the possibility for the flame front to
propagate along the inner walls of the delay tube. There is also
the possibility of pellet separation during the burning process
of pellets. Both issues could result in a high standard deviation
of the investigated delay elements. Further factors which could
influence the standard deviations of the presented burning
rates are discussed in the results and discussion section.

2.4 | Ignition Point Measurements

The ignition point was determined using a deflagration point
apparatus (HT Heizblock Thermostat DT 400, Reichel &
Partner GmbH). Initially, 3 test tubes were filled with 200 mg
of the sample each. Meanwhile, the deflagration point
apparatus was preheated to 100°C, and the 3 test tubes were
placed in the heating block for 2 minutes. The samples were
heated at a rate of 12°C/min. The determination of the
deflagration point was completed once all 3 samples ignited or
reached the maximum temperature of 400°C and no ignition
occurred. The determined ignition temperatures were recorded,
and the mean value was calculated from the triplicate
determination. The ignition point was determined for both
peroxide/magnesium compositions, with all binders and an
additional measurement without the use of a binder was
performed.

2.5 | Determination of Impact and Friction
Sensitivities

For the impact sensitivity tests a friction apparatus (Modell
BAM, Reichel & Partner GmbH) was used, while the impact
sensitivities were determined using a Fallhammer with a
maximal height of 1.30 m and a weight of 3.182 kg. The impact
and friction sensitivities were determined based on BAM:

FIGURE 3 | Schematic of the burning time measurement exper-
imental setup. FIGURE 4 | Technical drawing of the used delay tube.
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„Empfehlungen für die Beförderung gefährlicher Güter –
Handbuch über Prüfungen und Kriterien (BAM: Recommenda-
tions for the transport of dangerous goods – Manual of tests
and criteria)” [11].

2.6 | Raman Spectroscopy

To analyze both peroxides as well as the products of both
reactions (Mg/CaO2 and Mg/Li2O2) the mobile Raman Spec-
trometer Pendar X10 was used. Each sample was measured 10
times and stacked, with the use of excitation at 830 nm and a
distance to the sample of 30 cm. The spectroscopic method was
used to determine if the peroxides would be completely
consumed or decomposed during the reaction or if significant
amounts of peroxide would remain in the reaction products
after the reaction occurred.

3 | Results and Discussion

3.1 | Burning Time Measurement Results

The following section shows all burning time measurements as
well as the deviation of the measurement setup and the delay
time of the bridge igniters.

3.1.1 | Results of Setup Deviation

The measured delay of the LED, with a set trigger delay of 5 ms
and the sensitivity of the photodiode actually used for the
burning time measurements, is shown in Figure 5.

The blue curve represents the activation of the LED trigger and
the holding time of the trigger button. Further the red curve
shows the triggering of the photodiode due to the light impulse.
The total delay time determined was 5.18 ms. Of this, 5 ms was
the set delay of the LED and 180 μs was the deviation of the
measurement setup due to the electronic parts and the set
sensitivity of the photodiode. The negative time of the x-axis is
a result of the graph coordinates of the digital oscilloscope. All
results of the measurements are listed in Table 2.

The sensitivity settings for experiments number 1 and 2 were
adjusted in the same way as the actual measurement settings
for the determination of pellet burning times. Therefore, the
measured delay times were 5.18 ms and 1.18 while using a
delay time of the LED of 5 ms and 1 ms respectively. This leads
to a deviation of 180 μs for the measurement setup.

For measurements 3 and 4 the sensitivity of the photodiode
was higher, than the sensitivity used for the first both measure-
ments. Therefore, the measured delay times were slightly lower
resulting in a delay time of 5.13 ms and 1.13 ms, while using a
delay time of the LED of 5 ms and 1 ms respectively. Thus, the
delay time of the setup measured was 130 μs and 50 μs lower in
comparison to the sensitivity used for burning time measure-
ments of pellets. The results show that the sensitivity settings
of the photodiode have an effect on the measured time.

Due to a lack of a darkroom, the delay at the highest sensitivity
of the measurement setup could not be determined. Therefore,
the actual delay time deviation of the electronic components
could not be verified. However, due to the low deviation of the
measured delay times (<180 μs) and the relatively long
burning times of the delay pellets, the possible deviation of the
electronic components independent of the sensitivity adjust-
ment is negligible. According to these results, the burning
times of delay pellets include a 180 μs delay time due to
measurement setup deviation.

FIGURE 5 | Result of setup deviation measurements with the used
sensitivity and LED delay of 5 ms, with trigger of the LED (blue) and
trigger of the photodiode (red).

TABLE 2 | Setup Deviation.

Exp.
No. Sensitivity

Adjusted LED delay time
[ms]

Measured delay time
[ms]

Measured deviation
[μs]

1 As used for
measurements

5 5.18 180

2 As used for
measurements

1 1.18 180

3 Higher
sensitivity

5 5.13 130

4 Higher
sensitivity

1 1.13 130
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3.1.2 | Results of Bridge Wire Delay Time

The measurement of the delay time of used bridge wires
(SO7A) are shown in Figure 6. The results contain of 30
measured bridge wire delay times and were used to calculate
the mean delay time, as well as the standard deviation of the
results.

The results shown in the plot above indicate a mean delay time
of the bridge wires of 783 μs, with a standard deviation of
105.33 μs, and a minimum and maximum value of 640 μs and
1020 μs, respectively. The fluctuation of the results probably
originates from the manufacturing process (coating of the
bridge wires). Further, the deviation in the electric resistance
of used bridge wires (1.2–1.8 Ω, according to the manufacturer)
should be responsible for inconsistencies in the heating process
of the bridge wire and thus, in the ignition of the pyrotechnic
composition. However, the mean delay time for the used bridge
wires is below 1 ms, which does not significantly impact the
following measurements of the delay pellets burning time. It
should be noted, that the mean delay time of 783 μs includes
the measured setup deviation of 180 μs, which results in a
mean bridge wire delay time of 603 μs.

3.1.3 | Results of Delay Pellet Burning Time/Rates

Mg/CaO2 Composition. For the calculation of burning rates
of the used delay pellets the burning times and heights of

pellets, shown in the following tables, were used. While pellet 1
(P1) would be first inserted in the delay tube and pellet 2 (P2)
was inserted afterwards. Thus, P2 is the pellet, which was
ignited via a bridge wire, while P1 was the pellet near the
borehole. The results of the pellet weights and heights are
exemplary presented in Table 3 und Table 4.

Thus, a %-TMD between 29.21–30.74% for the pellets in Table 3
and a %-TMD between 30.74–34.21% for the pellets shown in
Table 4. Therefore, the used pellets in both attempts had
between 65.79–70.79% of void space. All other measurements
are shown as graphs including only the burning rate of the
performed experiments.

Table 3 shows that there is a deviation in pellet masses and
heights which results in pellet density discrepancies. This occurs
commonly due to the type of the dosing into the pressing die.
The TPD 0 doses the powder volumetrically, which results in
small inconsistincies in the ammount of powder in the pressing
die. Therefore, the compressed powder is most likely pressed
with slight differences in terms of pressing force. The measured
burning times of the pellets range from 317–599 ms, with a
mean value of 445 ms and a standard deviation of 98 ms. Table 4
shows the second attempt of the experiment.

As already described above the same discrepancies in pellet
weight, height and density appear in Table 4. Also the pellets are
slightly higher with an increase in pellet density in comparison
to pellets described in Table 3. This is a result due to the way a
eccentric press works. A slight reduction in the powder filling
height into the press die can lead to a reduction of the pressing
force applied by the press upper press plunger of the device. For
the second attempt the measured burning times of the pellets
range from 313–680 ms, with a mean burning time of 446 ms
and a standard deviation of 105 ms. Due to the fact that the
burning times do not take into account the length of the pellets,
a more accurate statement, in terms of reproducibility, can be
made by viewing the burning rate. Figure 7 shows the burning
rates of both attempts discussed above.

While the graphs of burning rates shown in Figure 7 are
slightly different looking, the mean burning rate of the firstFIGURE 6 | Delay time results of the used bridge wires.

TABLE 3 | Mg/CaO2/MgSt pellets and burning time of pellets (first attempt).

Exp.
No.

m(P1)
[mg]

Height P1
[mm]

ρ(p1)
[mg/mm3]

m(P2)
[mg]

Height P2
[mm]

ρ(P2)
[mg/mm3]

Burning Time
[ms]

1 79 3.89 0.79 76 3.82 0.78 345

2 78 3.85 0.79 74 3.75 0.78 486

3 85 4.2 0.79 82 4.01 0.79 599

4 83 4.04 0.80 82 4.05 0.80 479

5 85 4.19 0.79 86 4.30 0.79 317

6 76 3.70 0.80 74 3.63 0.80 327

7 85 4.36 0.76 84 4.21 0.77 553

8 85 4.12 0.80 76 3.78 0.79 447

9 87 4.32 0.79 76 3.78 0.78 539

10 69 3.35 0.80 84 4.26 0.79 353
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attempt using MgSt as a binder was 18.8 mms� 1 with a
standard deviation of 4.0 mms� 1, while the second attempt had
a mean burning rate of 19.5 mms� 1 with a standard deviation
of 4.0 mms� 1. The small difference in burning rates of both
attempts can be mostly attributed to slightly different particle
size distributions of both the oxidant and fuel used [12]. Due to
lack of a particle size analyzer only the particle size ranges of
the oxidant and fuel were achieved. With CaO2 having a
particle size range of 20–40 and Mg having one of 5–40 μm,
both components particle ranges are rather broad. Further, the
difference in pellet density, and thus an increase in %-TMD
and a decrease in void space of the pellets, between both
attempts could also have an impact, even if small, on the
burning rates [13, 14]. While the pellets from Table 4 have a
slightly faster burning rate, an expected correlation between
the higher %-TMD and the burning rate [14] can’t be
established, due to the given standard deviation of the experi-
ments. Nevertheless, the experiment can be regarded as
reproducible, due to the fact that both burning rates are in the
range of the standard deviation. To minimize the deviation in
the burning rates a narrower particle size range would be more

suitable. Figure 8 shows the burning rates of the CaO2/Mg
composition with the other 4 binders used.

The mean burning rate of the Mg/CaO2/HPMC composition
was 17.6 mms� 1, with a standard deviation of 5.1 mms� 1. It
shows a lower burning rate in comparison to the MgSt
composition. Further, the mean burning rate for the Mg/CaO2/
PEG1 composition was 16.9 mms� 1, with a standard deviation
of 5.1 mms� 1, which is also lower than the MgSt composition.
In addition, the Mg/CaO2/PEG2 composition had a mean
burning rate of 13.3 mms� 1, with a standard deviation of
2.4 mms� 1. The burning rate of PEG2 composition is signifi-
cantly lower in comparison to the PEG1 results. Finally, the
mean burning rate of the Mg/CaO2/PVP composition was
14.8 mms� 1, with a standard deviation of 2.7 mms� 1, resulting
in the slowest of the investigated compositions. It is important
to mention that none of the binders used caused the delay
pellets to fail to burn completely. Also, the fluctuation of
measurements can, beside the earlier mentioned reasons, most
likely be attributed to segregation of particles. This effect would

TABLE 4 | Mg/CaO2/MgSt pellets and burning time of pellets (second attempt).

Exp.
No.

m(P1)
[mg]

Height P1
[mm]

ρ(p1)
[mg/mm3]

m(P2)
[mg]

Height P2
[mm]

ρ(P2)
[mg/mm3]

Burning Time
[ms]

1 90 4.07 0.86 93 4.10 0.88 507

2 97 4.29 0.88 95 4.23 0.88 424

3 93 4.28 0.85 95 4.29 0.86 397

4 89 4.12 0.84 91 4.15 0.86 389

5 88 4.06 0.85 93 4.21 0.86 680

6 98 4.30 0.89 97 4.27 0.89 567

7 88 4.02 0.85 89 4.15 0.84 403

8 93 4.13 0.88 91 4.12 0.86 313

9 89 4.08 0.85 87 4.03 0.84 339

10 90 4.15 0.85 81 3.93 0.80 442

FIGURE 7 | Burning Rate results of the Mg/CaO2/MgSt pellets of
attempt 1 (black) and attempt 2 (red) for reproducibility purposes. The
dashed lines serve as visual aids and have no further meaning.

FIGURE 8 | Burning rate results of the Mg/CaO2 pellets with all 5
binders with MgSt (red), PEG1 (blue), PEG2 (black), HPMC (yellow)
and PVP (green). The dashed lines serve as visual aids and have no
further meaning.
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be caused by vibrations of TDP 0, due to repeated movement of
the dosing device and different densities and broad particle size
ranges of oxidants and fuel [15]. A granulation of the powders,
instead of direct tableting, could lead to reduced fluctuation of
measured burning rates. Furthermore, a granulation could also
have a positive impact on the dosage of the composition into
the press die and reduce the fluctuation in pellet density. It is
also worthy to mention, that MgSt doesn’t have a negative
impact on the burning rate of the composition. Other stearates
like calcium stearate are known to slow down the burning rate
of pyrotechnic compositions [16]. One reason for this phenom-
enon could be the fact that the used MgSt was not present in
the form a hydrate, which is a difference to the mentioned
study. An overview for a direct comparison of the burning rates
in dependency of the binders used is shown in Figure 9.

The burning rates, as shown above, can be represented as
follows: MgSt>HPMC>PEG1>PVP>PEG2 with MgSt hav-
ing the fastest and PEG2 having the slowest burning rate. The
differences in burning rates are most likely caused by different
energy outputs of the respective composition, due to the
different binders [17]. The higher molar mass distribution of
PEG2, in comparison to PEG1, could be attributed to a lower
decomposition temperature of polymers [18]. Thus, the lower
decomposition temperature of PEG2 would not have a positive
impact on the burning rate of said composition. Further, the
standard deviation of the burning rate differs for all binders
used. This phenomenon could possibly be attributed to binder
specific reduction in thermal conductivity [17], resulting in a
more uniform propagation of the combustion front. The
burning rate deviation also seems to increase with faster
burning rates. While small tendencies in the mean burning
rate when using different binders are recognizable, due to the
high standard deviations of the measurements only the results
of MgSt/PEG2 seem to differ significantly. The significance of
the other measurements is thus questionable and would
require further experiments to be verified. Further investigation
of the combustion process would be suitable for a more
detailed explanation.

Mg/Li2O2 Composition. Further experiments investigated the
effect of particle size on the Mg/Li2O2/MgSt composition
burning rates. The burning rates of the used pellets are shown
in Figure 10.

The mean burning rate of the Mg/Li2O2/MgSt pellets with a
particle size range between 63 and 100 μm was 41.9 mms� 1,
with a standard deviation of 19.5 mms� 1. An increase in the
burning rate can be observed for the composition with a
particle size range between 30 and 63 μm. Here the mean
burning rate was 66.7 mms� 1 and had a standard deviation of
23.3 mms� 1. For the particle size range between 11 and 40 μm
the burning rate was further increased. The resulting mean
burning rate was 91.4 mms� 1, with a standard deviation of
35.7 mms� 1. An overview of the mean burning rates for the
Mg/Li2O2/MgSt pellets in dependency of the particle size
ranges is shown in Figure 11.

The particle size study seems to have more convincing trends
considering the impact of the particle size on the burning rate

FIGURE 9 | Burning rate results of the Mg/CaO2 Pellets while using
different pinders.

FIGURE 10 | Burning rate results of the Mg/Li2O2/MgSt pellets
with different particle size ranges: 63–100 μm (black), 30–63 μm (red)
and 11–40 μm (green). The dashed lines serve as visual aids and have
no further meaning.

FIGURE 11 | Burning rate overview of the Li2O2/Mg/MgSt pellets
with different particle size ranges.
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of the compositions. However, like in the binder study, only
the difference between the particle size ranges of 63–100 μm
and 11–40 μm seems to be statistically significant. The
significance of the other results would as well require further
measurements to be verified. As already stated for the Mg/
CaO2/MgSt results, a narrower particle size range, of both the
oxidant and fuel, should lead to smaller standard deviations in
the burning rates [19]. A decrease in particle size of Li2O2 leads
to a significant increase in burning rates for the Mg/Li2O2
system. This is most commonly attributed to the increase of the
surface area available for the reaction [9]. Further the decrease
in particle size resulted in a higher standard deviation of the
delay pellets measured. A higher standard deviation for faster
burning rates can also be observed, as already seen for the Mg/
CaO2 experiments. As already mentioned, there is a possibility
of a configurational drawback leading to high standard
deviations. A thermal camera could help to explain if an
unwanted ignition of pellet parts farther away from the
combustion front, due to higher reaction heat per time unit as
a result of higher burning rates, occurs. Also, an additional
processing step, in which the pellets in the delay tube would be
post-pressed could possibly result in lower standard deviations
of the results. However, this would require further experiments
to be verified.

In comparison, the composition using Li2O2 as the oxidating
agent resulted in much faster burning rate. One reason could
be the relatively low purity of CaO2 (min. 75%), which is a
concern regarding the use of peroxides in delay compositions.
While peroxides are often supplied in technical grade, the
amount of impurities may vary from batch to batch, thus
leading to different results of the burning rate. Also, the
species of impurities may have an impact on the performance
of the delay compositions. While the impurities of Li2O2 are
declared to be Li2O, the impurities of CaO2 are unknown and
should most likely compose of CaO, CaOH and CaCO3.
Different types of impurities in the formulations (e. g. CaOH/
CaCO3 instead of “only” CaO) could also attribute to the
differences in the burning rate of the mentioned composi-
tions. However, appropriate analytical methods for the
characterization of the powders would be required to verify
the type and the amounts of impurities that are present in the
mentioned powders.

In consideration of the presented results, there are different
approaches to manipulate the burning rates of compositions.

3.2 | Results of Ignition Point Determination

The ignition point of the Mg/CaO2/MgSt composition was
307.4°C with a standard deviation of 0.920°C. The other
compositions, without and with the use of the other four
binders, had ignition points above 400°C and were out of the
measuring range of the used apparatus. Thus, the influence of
all the binders on the ignition point for the Mg/CaO2
composition could not be determined. To determine the
ignition points for those mixtures, the use of a DSC would
probably be more suitable, as it covers a wider temperature
range. Further, the ignition points of the Li2O2/Mg composition
without the use of a binder, as well as with all the five binders
used, is listed in Table 5.

While the Li2O2/Mg composition without the use of a binder
could not be ignited, a decrease in the ignition temperature for
all the other compositions with the use of a binder could be
measured. The lowest ignition temperature was achieved with
the use of PEG2 with an ignition point at 225.1°C. PEG1 lead
to a slightly higher ignition temperature at 231.9°C. A
significantly higher ignition temperature was observed while
using MgSt with an ignition temperature at 262.7°C and HPMC
with an ignition temperature at 266.1°C. The highest ignition
temperature was observed while using PVP as a binder which
resulted in an ignition temperature at 394.6°C. While the
possible reduction of ignition temperature due to the use of
binders in pyrotechnic compositions is known, a detailed
mechanism of the process has yet to be further understood [9].
The decrease of the ignition temperature could be associated
with the binder or its gaseous reaction products participating
in the ignition process [19]. This assumption would need
further investigation to be proven. Figure 12 shows a diagram
with the respective ignition temperatures of the used binders.
Due to low standard deviations (Table 5) of the measurements,
the error bars of the shown results are not visible in the graph.

The difference in the ignition temperatures for the Li2O2
compositions could be attributed to different decomposition
temperatures of the used binders. For example, HPMC
decomposes in the range of 200–250°C [20], while the
decomposition of PVP has been reported to occur at 380°C [21].
This statement can be backed up by looking at the results of
the PEG1 and PEG2 experiments and taking a decrease of the
decomposition temperature as a result of higher molar mass
into account [18].

TABLE 5 | Ignition temperature of Li2O2/Mg compositions with and without the use of different binders.

Binder T1 [°C] T2 [°C] T3 [°C] �T [°C] s [°C]

– >400 >400 >400 >400 –

HPMC 265.2 265.5 267.7 266.1 1.115

MgSt 261.3 262.6 264.1 262.7 1.144

PEG1 230.1 232.6 233.0 231.9 1.283

PEG2 224.2 224.4 226.7 225.1 1.134

PVP 394.2 394.5 395.0 394.6 0.330
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By comparing the ignition points of both CaO2 and Li2O2
mixtures, it seems like the effects of the binder on the ignition
point of pyrotechnic mixtures strongly depend on the composi-
tion itself and not only the binder used. Otherwise, the CaO2/
Mg mixture would be expected to ignite below 307.4°C while
using PEG1 or PEG2 as binder, while taking the results of the
Li2O2 compositions into account. A more accurate statement
could be achieved with further investigation of the ignition
process for the mixtures while using a DSC/TGA.

3.3 | Results of Sensitivity Tests

The impact and sensitivity of Mg/Li2O2 and Mg/CaO2 delay
compositions were both >40 J, while the friction sensitivities
of the compositions were >360 N. The same results were
achieved with or without the used binders. Therefore, both
compositions are insensitive to impact and friction.

CAUTION! During the preparation of the Mg/CaO2 delay
pellets, while using HPMC, PEG1, PEG2 and PVP as binders,
the pellets would ignite during the ejection step in the
preparation process. This probably occurred due to high
adhesion between the pellet and tooling. While using the
binders mentioned above, some pellets would get stuck in the
tooling. To move the crank of the TDP 0 and remove the pellet
from the tooling, a great amount of strength was required. This
resulted in the ignition of the pellet directly after the ejection
plunger was moved. While using MgSt, the crank of the press
could be operated almost effortlessly, none of the pellets would
get stuck in the tooling and no unintentional pellet ignition
occurred. This can most likely be associated with the lubricant
properties of MgSt, which results in lower friction between the
pellet and tooling [15]. The addition of a small amount (1%) of
a lubricant to the compositions with the other binders could
impede the unintentional ignition during the preparation of
pellets. However, this would have to be verified by appropriate
tests. It needs to be stated, that no ignition of the pellets
occurred during the compressing step of the pellet production
and thus, the other binders could still be interesting for the
common approaches to process delay elements.

3.4 | Results of Raman Spectroscopy

The spectroscopic analysis of the used peroxides and the
reaction products of the respective compositions were placed
on top of each other. Figure 13 shows the Raman spectra of
Li2O2 and the Mg/Li2O2 compositions combustion products.
The combustion of the composition was carried out in open air
conditions.

In the figure above only one peak can be seen at 790 cm� 1. The
sharp peak at 790 cm� 1 can be associated with the peroxide
O� O bond [22]. A second peak would be expected at about
250 cm� 1 [22]. While the end of a peak can be seen between
275 and 300 cm� 1, a full display of this Raman band could not
be achieved. This is contributed to the measuring range of the
used Raman spectrometer. However, the band at 250 cm� 1 is
also associated with the O� O peroxide bond [22]. The Raman
spectra of the combustion products do not show any significant
bands. Therefore, the combustion products do not contain any
Raman active species. This leads to the assumption, that the
peroxide was fully consumed or decomposed during the
reaction.

Figure 14 shows the Raman spectra of CaO2 and the combus-
tion products of the Mg/CaO2 composition. The combustion of
the composition was also carried out in open air conditions.

The Raman spectra of CaO2 shows two bands, as would be also
expected for the Li2O2 spectra in Figure 13. The first peak is at
350 cm� 1 and the second peak is at 850 cm� 1. Both bands can
be associated with the peroxide O� O bond [22]. The shift

FIGURE 12 | Ignition temperature of Mg/Li2O2 composition with
different binders.

FIGURE 13 | Raman spectra of Li2O2 (blue) and the combustion
products of the Mg/Li2O2 composition (red).

FIGURE 14 | Raman spectra of CaO2 (blue) and the combustion
products of the Mg/CaO2 composition (red).
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towards higher wavenumbers can be related to the difference
in the cations of Li2O2 and CaO2 [23]. The combustion products
of CaO2/Mg are, similar to the Li2O2/Mg composition, not
Raman active and no peroxide residue could be detected in the
combustion products.

4 | Conclusion

The measurement setup and the used bridge wires were tested
in preliminary tests. The setup deviation with the used settings
had a 180 μs deviation, while the bridge wires had a mean
ignition delay of 783 μs (including the setup deviation). The
results of the preliminary tests did not have a significant impact
on the measured delay time or burning rates of the investigated
delay pellets.

Alternative delay compositions, utilizing Mg/Li2O2 and Mg/
CaO2, for the use in delay elements were produced. The Mg/
CaO2 composition was produced in use of the five different
binders HPMC, MgSt, PEG1, PEG2 and PVP. Further Mg/Li2O2
composition used different particle sizes of the oxidant. The
compositions were further processed into delay pellets by
means of direct tableting, while using the tablet press TDP 0.
The burning time measurements of the delay pellets were
carried out in a stainless steel (V2 A) delay tube. For the Mg/
CaO2 composition the measured burning rates had a range
between 13.3 mms� 1 and 19.5 mms� 1 depending on the binder
used. MgSt achieved the fastest burning rates, while PEG2 was
the slowest. The burning rate of the Mg/Li2O2/MgSt pellets was
in a range between 41.9 mms� 1 and 91.4 mms� 1 depending on
the particle size range of the oxidant. Smaller particle size
ranges resulted in higher burning rates. However, statistical
significance is not given for all measurements and would
require further investigation to be confirmed. Both methods
can be applied to acquire a desired burning rate for delay
elements.

The effect of binders on the ignition temperature of used delay
compositions was investigated. While the ignition point of the
Mg/CaO2 composition was out the measuring range for both,
no binders at all and all the used binders excluding MgSt,
which resulted in an ignition temperature reduction for said
composition. Further investigation of the Mg/Li2O2 composi-
tion, with and without the application of binders, led to
significant differences in the ignition point. The used binders
lower the required ignition temperature for the said composi-
tion, while the mixture without a binder was also out of the
measuring range. Therefore, application dependent ignition
temperatures can be varied by the means of the binder used for
the composition preparation.

A direct correlation between the ignition temperature and the
combustion rate was not identified. In some instances,
mixtures that ignited at a lower temperature resulted in a
slower burning rate and vice versa.

Both compositions, with and without the use of a binder, were
classified as impact and friction insensitive. However, pellet
ignition occurred during the ejection process while producing
pellets. That applies to the CaO2/Mg composition using HPMC,

PEG1, PEG2 and PVP as a binder. Therefore, the preparation of
the pellets requires caution while using other binders than
MgSt.

Via Raman spectroscopy the peroxides could be identified. A
direct comparison of the oxidant spectra with their respective
combustion products did not indicate any significant oxidant
remains in the measured samples.

The used pyrotechnic compositions would require further
investigations including the chemical compatibility between
the peroxides and magnesium in the presence of trace moisture
as well as in the presence of the used binders. Also, the long-
term stability of the compositions should be investigated for
example by the means of thermal aging of the Mg/CaO2 and
Mg/Li2O2 compositions and the respective binders. It would
also be interesting to investigate the influence of the post-
pressing of the pellets in the delay tube on the fluctuation of
the measured burning times. Further research could also
investigate the impact of percentual binder content on both,
the burning rate and ignition temperature of compositions.
Also, the investigation of the pellet stability would be of
interest. Further, a more detailed investigation on the influence
of binders, as well as the particle size range, on the ignition
and burning process would be suitable.
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