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Abstract: This paper presents research on the development of pyrotechnic compositions producing
an acoustic effect. These types of compositions are used in firecrackers to imitate a cannon shot—they
are most frequently used during military exercises. The research was based on a mathematical model
of an experiment. For environmental reasons, the replacement of the harmful oxidant Ba(NO3)2 by
KClO4 and NH4ClO4 was modelled. The compositions were tested for reliability and evaluated in
terms of friction sensitivity and burning rate. This allowed for the verification of the effectiveness of
the modelling carried out. Optimum compositions were selected for further research.
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1. Introduction

A pyrotechnic composition is a material or physical mixture of materials that may
undergo a mutual, non-detonative, and self-sustaining chemical reaction producing an
effect by heat, light, sound, and others [1,2].

Much of the original use of pyrotechnic compositions was for military applications [3].
The forerunners of the development of such products were the Chinese [4], who popu-
larised their use in the USA. The first countries to use firecrackers for military exercises
were the USA and Japan [5–7]. Potassium chlorate (VII) and (V), aluminium, and sulphur
or antimony sulphide were used to make firecrackers. An alloy with 50% magnesium
and 50% aluminium called “magnalium” (PAM) also became very popular [7]. The use of
barium nitrate produced a very bright light, with firecrackers of this type being used in the
German army [8].

Firecrackers were mainly made by hand by weighing out mixture components in
selected proportions and putting them into paper casings [9].

Ternary graphs [10,11] are very useful in developing pyrotechnic compositions with
optimum properties. They make it easier to discover relationships between different
characteristics and the percentage of components. To obtain the planned final effect,
mathematical models are used, which have been widely described in the literature for
various three-component mixtures [12–15].

2. Materials and Methods
2.1. Selection of Components for Pyrotechnic Compositions

Components to create pyrotechnic compositions imitating the sound effect were
selected based on the literature analysis and authors’ own concept. Such components most
frequently contain an oxidant and a fuel.
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Oxidants containing large amounts [16] of “active oxygen” (free oxygen released
during decomposition) and not hygroscopic were included. The following components
were selected:

- from the group of oxidants: potassium chlorate (VII) (KClO4), iron (III) oxide (Fe2O3),
- from the group of flammable substances: aluminium–magnesium powder (PAM),

aluminium powder (Al), sulphur (S).

Ba(NO3)2 is the most commonly used in many pyrotechnic mixtures. This oxidizer
contains 30.6% of active oxygen (free oxygen released during decomposition). It is less
active than the salts of chloric or perchloric acid generally used in chemical technology, but
mixtures containing it are less sensitive. From the group of perchlorates, KClO4 turned
out to be the most useful. It occupied the leading place among oxidants due to its large
amount, 46%, of active oxygen. It has a high density. In addition to potassium perchlorate,
NH4ClO4 is an oxidant of great importance. It contains 34.2% active oxygen; it has a
low molecular weight. The choice was mainly based on health aspects and the resulting
necessity to replace the toxic barium nitrate with other oxidants. The oxidants that were
taken into account contained a large amount of oxygen and were not hygroscopic.

In this study, a “reference composition” was adopted (M-0) containing [17,18]:

- Ba(NO3)2 64%
- PAM 18%
- S 18%.

This is the basic composition of a firecracker producing a sound effect (imitating a
cannon shot—with a hearing distance of 1.5 to 6 km) used during military exercises [9].

On the basis of the oxygen balance of this composition and in line with the rule for
selecting components for pyrotechnic compositions, all components were classified into
two groups (Table 1).

Table 1. Oxidants and flammable substances selected for the study.

Designation Oxidants Flammable Substances

Group 1 KClO4, Fe2O3 Al, S

Group 2 KClO4, Fe2O3 PAM, S

2.2. Thermodynamic Parameters of the Reference Composition

By knowing the oxygen balance and thermodynamic parameters of compositions,
it is possible to conduct an approximate selection of components in order to obtain a
composition with the desired parameters.

Theoretical calculations were based on the decomposition formula. The complete
combustion of the components was assumed. By using the following formula:

7Ba(NO3)2 + 10Mg + 10Al + 5S = 7BaO + 10MgO + 5Al2O3 + 5SO2 + 7N2↑

the following thermodynamic parameters were obtained (Table 2). Calculations of thermo-
dynamic parameters were made on the basis of Polish standards [19,20]:

Table 2. Thermodynamic parameters of the reference composition.

Designation Oxygen Balance
OB (%)

Combustion Heat
Ow (kJ/kg)

Combustion
Temperature

T (K)

Combustion
Pressure
P (MPa)

Specific Volume of
Combustion Products

Vq (dm3/kg)

M-0 −12.4 5646.7 634 42.5 181

The oxygen balance is an important parameter that determines the quality of com-
positions. Given that the majority of pyrotechnic compositions have a negative oxygen
balance and that the reference composition is in line with the requirements to be met by
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imitating agents, this parameter served as a basis for selecting components for new compo-
sitions. Calculations for the groups specified in Table 1 were made. New compositions are
presented in Table 3. The new compositions are made of three and four components. The
catalytic amount of iron (III) oxide was used, i.e., 2–5%.

Table 3. Components of new compositions.

Designation
Weight Content of Components (%)

Oxygen Balance OB (%)
KClO4 Fe2O3 Al Mg S

1-I 62 - 25 - 13 −6.7

1-II 65 - 19 - 16 −3.0

1-III 59 - 31 - 10 −10.4

1-IV 60 2 25 - 13 −7.0

1-V 60 2 23 - 15 −7.2

1-VI 57 5 25 - 13 −7.5

1-VII 57 5 20 - 18 −8.1

2-I 54 - 14.5 14.5 17 −14.7

2-II 57 - 11.5 11.5 20 −11.6

2-III 51 - 17.5 17.5 14 −17.7

2-IV 52 2 14.5 14.5 17 −15.0

2-V 52 2 13.5 13.5 19 −15.5

2-VI 49 5 14.5 14.5 17 −15.5

2-VII 49 5 12 12 22 −16.6

All the compositions have a negative oxygen balance and similar values to the refer-
ence composition.

2.3. Preparation of Compositions

The pyrotechnic compositions were prepared by hand using 80 or 100 g portions.
Individual components were weighed out in the amounts specified in the calculations. The
components were mixed manually on igelit cloths placed on a special table. The next step
involved filling the pyrotechnic composition. A brass funnel was inserted into holes in
paper casings, which were placed on a special wooden table. Then the accurately weighed
composition was poured into the casings. The casings filled with the composition were
then handloaded. In the case of 100 g firecrackers, handloading involved gluing cardboard
rings into the casings filled with the composition. Cardboard rings were glued with a
semi-automatic tool. Handloading 80 g firecrackers was more complex. Carpenter’s glue
was used to glue a fuse to the casings filled with the pyrotechnic composition. The inside
of the casing chamber (from the side from which the composition was filled) was covered
with carpenter’s glue. Then a semi-automatic tool was used to glue the fuse. Once the fuse
was glued in place, an additional reinforcing ring was glued to the casing. Then the top
part of the fuse ending with a head made of an incendiary and rubbing composition was
rolled and placed in the chamber of the firecracker paper casing.

3. Results and Discussion
3.1. Initial Tests

When creating new compositions, the main issue is associated with the determination
of the sensitivity of the composition to external stimuli. This is preceded by appropriate
tests. Due to the lack of information on new compositions, this paper used sensitivity to
heat as a criterion describing ignitability. Thermal tests for the new compositions were
performed to identify this risk. The components were mixed in a 50/50 ratio and the
resulting samples were heated using a sand bath. Notes were taken at temperatures of
293 K, 323 K, and 343 K. The test results are given in Table 4.
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Table 4. Testing two-component compositions for thermal resistance.

Weight Content of Components (%)
Notes

Temperature (K)

KClO4 PAM Al S 293 323 343

50 50 - -

no
ch

an
ge

s

no
ch

an
ge

s

no
ch

an
ge

s

50 - 50 -

50 - - 50

- 50 - 50

The tests revealed that at the mixing phase (the main step in the composition creation
process), there is no risk of self-ignition associated with accidental rubbing.

Initial tests were performed after examining the main criterion. They involved the
preparation of the new compositions and checking for reliability. These tests were qualita-
tive and involved a visual and acoustic evaluation of the effects produced by individual
compositions and their comparison with the reference composition (M-0). The reliability of
the firecrackers was evaluated based on the following rules:

- acoustic evaluation was performed by the same person,
- the distance from the source of the sound and the place of noting the effect was always

maintained,
- appropriate time intervals were used, i.e., there was a break of several minutes after

each series of three tests (this break was needed to improve auditory perception).

The following scale was applied to evaluate the pyrotechnic compositions producing
the appropriate sound effect:

- no effect (failure to ignite the composition due to a faulty fuse head, flash fire, or combus-
tion),
+ bang effect comparable to or weaker than M-0 (good),
++ bang effect stronger than M-0 (better),
+++ the strongest bang effect (best).

The test results are given in Table 5.

Table 5. Tests for the reliability of the Group 1 and Group 2 compositions.

Designation Number of Tests
Effects for Individual Tests

Notes
1 2 3

1-I 3 + + +

1-II 3 ++ ++ ++

1-III 3 + + - Two-stage effect

1-IV 2 +++ +++ -

1-V 2 ++ - -

1-VI 2 +++ +++ -

1-VII 2 +++ +++ -

2-I 3 + + +

2-II 3 + + +

2-III 3 + + +

2-IV 2 ++ ++ -

2-V 2 ++ ++ -

2-VI 2 ++ ++ -

2-VII 2 ++ ++ -
- no effect (failure to ignite the composition due to a faulty fuse head, flash fire, or combustion), + bang effect
comparable to or weaker than M-0 (good), ++ bang effect stronger than M-0 (better), +++ the strongest bang effect
(best).
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In the case of composition 1-III, a negative effect was observed, i.e., the bang effect
reoccurred after a short time—it was audible twice (in two stages). This could have resulted
from poor pyrotechnic composition homogenisation.

The tests showed that Fe2O3 improves the sound effect of the compositions. It is noted
that the compositions are reliable when the flammable substance is Al.

Following the observation that Fe2O3 has a positive impact on the quality of composi-
tions, iron (III) oxide was tested in large quantities. However, it was no longer a catalyst
but an oxidant in combination with potassium chlorate (VII).

For reliability tests, the results in which increasing the amount of Fe2O3 brought
the oxygen balance of the composition closer to that of the reference composition were
assumed. Iron (III) oxide was used in 50/50 and 30/70 ratios to the oxidant.

The test results and the calculated oxygen balance of compositions 1-I and 2-I contain-
ing Fe2O3 are presented in Table 6.

Table 6. Tests for the reliability of compositions containing Fe2O3.

Designation
Weight Content of Components (%) Number

of Tests

Effects for Individual Tests Oxygen
Balance (%)KClO4 Fe2O3 Al Mg S 1 2

1′-I 31 31 25 - 13 2 ++ ++ −11.6

1′ ′-I 43.4 18.6 25 - 13 2 +++ +++ −9.8

2′-I 27 27 14.5 14.5 17 2 +++ +++ −19.0

2′ ′-I 37.8 16.2 14.5 14.5 17 2 +++ +++ −17.3

- no effect (failure to ignite the composition due to a faulty fuse head, flash fire, or combustion), + bang effect comparable to or weaker than
M-0 (good), ++ bang effect stronger than M-0 (better), +++ the strongest bang effect (best).

These compositions showed that adding Fe2O3 improved the sound effect of the
modified products.

The exact percentage of individual components to be used to select the highest quality
product is difficult to determine due to a large number of components.

A large number of components necessitates performing numerous experiments. Ex-
periments involve testing one variable, but their number increases exponentially when
four components need to be used. The interpretation of the results is also troublesome. For
this reason, the use of the latest method for selecting composition components seems to be
necessary. A mathematical method was used to obtain low-cost compositions that would
all meet the expected requirements (simulating the sound effect).

3.2. Formulation of a Mathematical Plan for the Experiment

The initial tests made it possible to determine the boundary conditions for each
component in order to prepare a mathematical plan for the experiment.

The coordinate points of the experiment plan were found in line with the algorithm
proposed in Technometrics [21]. First, all possible combinations of lower (ai) and higher
(bi) levels of components were made, omitting the level of one component in each such
combination. The total number of different combinations was k·2k−1. Then, the resulting
k·2k−1 combinations were used to select only those combinations for which the sum of
pyrotechnic composition components was less than 100%. Omitted component xi was
assigned values ci from the <ai, bi> range to bring the sum to 100%. If filling value ci was
not within this range, the combination was omitted. The experimental plan points thus
obtained satisfied the condition

k

∑
i=1

xi = 100 (1)

and were located at the vertices of a polyhedron of dimension k − 1. The calculations were
based on assuming variation limits for individual components. The variation limits were
determined based on the reliability tests. The list of variation limits is provided in Table 7.
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Table 7. Variation range for individual components.

Designation
Variation Limits for Individual Weight Components (%)

KClO4 Fe2O PAM Al S

Group 1 25–45 25–5 - 35–15 15–35

Group 2 20–40 30–10 30–20 - 20–30

Based on the variability limits, the following compositions for individual groups were
obtained through combinations. These compositions are given in Tables 8 and 9.

Table 8. Plan of M-I compositions acc. to the mathematical model of the experiment.

Designation
Weight Content of Individual Components (%)

KClO4 Fe2O3 Al S

I-1 25 5 35 35

I-2 25 25 15 35

I-3 25 25 35 15

I-4 45 5 15 35

I-5 35 15 25 25

I-6 45 5 35 15

I-7 45 25 15 15

I-8 25 18.33 28.33 28.33

I-9 45 11.67 21.67 21.67

I-10 38.33 5 28.33 28.33

I-11 31.67 25 21.67 21.67

I-12 38.33 18.33 15 28.33

I-13 31.67 11.67 35 21.67

I-14 38.33 18.33 28.33 15

I-15 31.67 11.67 21.67 35

Table 9. Plan of M-II compositions acc. to the mathematical model of the experiment.

Designation
Weight Content of Individual Components (%)

KClO4 Fe2O3 PAM S

II-1 20 30 20 30

II-2 20 30 30 20

II-3 40 10 20 30

II-4 40 10 30 20

II-5 30 20 25 25

II-6 20 20 30 30

II-7 40 20 20 20

II-8 30 10 30 30

II-9 30 30 20 20

II-10 20 26.67 26.67 26.67

II-11 40 13.33 23.33 23.33

II-12 36.67 10 26.67 26.67
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Table 9. Cont.

Designation
Weight Content of Individual Components (%)

KClO4 Fe2O3 PAM S

II-13 23.33 30 23.33 23.33

II-14 32.5 22.5 20 25

II-15 27.5 17.5 30 25

II-16 32.5 22.5 25 20

II-17 27.5 17.5 25 30

3.3. Control Tests

To confirm the applicability of the mathematical model, the planned compositions
were evaluated in terms of their practical use. Reliability was used as the main parameter,
while the burning rate of the composition was used to confirm the quality of this parameter.
The friction sensitivity of the composition was also evaluated to verify the safety of the
mixing process and the process of filling firecracker casings.

3.4. Reliability

To check reliability, sound effect tests were conducted for the selected compositions.
The firecrackers filled with the compositions were tested according to general requirements
using a simplified two-level assessment scale (“yes” or “no”), i.e., in terms of their reliability
or lack thereof. The 100 g firecrackers (ZT) were ignited by pulling the rubbing wire of
the fuse, with the effect produced being noted down after 15–20 s (the time after which
the paper casing of the firecracker should explode, imitating a cannon shot). The 80 g
firecrackers (ZL) were ignited by rubbing the fuse head against the striking surface of a
matchbox, with the effect produced being noted down after the time specified above. The
effect was considered positive if a clear and rather loud bang was heard. If the sound was
weak compared to M-0 or inaudible at all, the product was considered unreliable.

3.5. Koenen Friction Sensitivity Test Using the Peters Apparatus

In the technological process, special care is taken to ensure that compositions are
not overly sensitive to mechanical stimuli. Therefore, for safety reasons, the pyrotechnic
compositions were tested for friction sensitivity.

The Koenen friction sensitivity test [22] involves the determination of the lowest punch
pressure in kg at which deflagration, flash fire, etc., occurs in six tests. Measurements are
taken by placing the tested material (in a small specific amount) on a porcelain plate with
grooves and applying an appropriate load to the apparatus arm.

3.6. Burning Rate

An important parameter affecting the performance of the product is the burning rate
of the composition (the higher it is inside the firecracker casing, the more beneficial the
effect). Therefore, for the sake of product quality, burning rate tests were conducted and
the mean value was determined.

Appropriate weighted amounts of pyrotechnic compositions were placed in pipes
(PVC, LG type, dimensions øext/øint 6.0/5.8 mm) with a flame retardant bed containing 40%
antimony, 40% iron (III) oxide, and 20% potassium chlorate (VII). The tested pyrotechnic
compositions were ignited by a Class 0.2 A fuse head. Time measurements were taken with
an accuracy of 0.5 s. The length of the measurement section was 200 mm. The result was
an arithmetic mean of three measurements calculated with a stopwatch, expressed in cm/s.
The test results are presented in Tables 10 and 11.
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Table 10. Qualitative and quantitative evaluation of M-I pyrotechnic compositions.

Designation Reliability Test (Median
of Three Measurements)

Friction Sensitivity—Pressure
Applied (kg)

Burning Rate (cm/s) Mean Burning
Rate (cm/s)1 2 3

M-0 + 12.8 0.29 0.32 0.26 0.29

I-1 ++ 7.2 0.33 0.3 0.31 0.31

I-2 + 11.2 composition does not burn -

I-3 + 3.0 0.41 0.43 0.45 0.43

I-4 +++ 6.4 0.2 0.2 0.2 0.2

I-5 ++ 6.4 0.47 0.49 0.43 0.46

I-6 + 2.8 0.31 0.38 0.34 0.34

I-7 ++ 9.6 0.32 0.34 0.34 0.33

I-8 ++ 16.8 0.49 0.48 0.5 0.49

I-9 +++ 4.8 0.36 0.38 0.36 0.37

I-10 ++ 4.0 0.43 0.39 0.51 0.44

I-11 +++ 4.0 0.45 0.38 0.47 0.43

I-12 + 5.6 0.36 0.34 0.42 0.37

I-13 ++ 4.8 0.47 0.47 0.54 0.49

I-14 ++ 4.2 0.54 0.63 0.61 0.59

I-15 ++ 8.0 0.41 0.37 0.38 0.39

- no effect (failure to ignite the composition due to a faulty fuse head, flash fire, or combustion), + bang effect comparable to or weaker than
M-0 (good), ++ bang effect stronger than M-0 (better), +++ the strongest bang effect (best)

Table 11. Qualitative and quantitative evaluation of M-II pyrotechnic compositions.

Designation Reliability Test (Median
of Three Measurements)

Friction Sensitivity—Pressure
Applied (kg)

Burning Rate (cm/s) Mean Burning
Rate (cm/s)1 2 3

II-1 ++ 10.8 composition does not burn -

II-2 ++ 5.4 1.67 1.67 1.67 1.67

II-3 ++ 3.2 0.32 0.38 0.35 0.35

II-4 ++ 1.4 1.25 1.83 1.54 1.54

II-5 +++ 2.8 1.18 0.95 1.19 1.11

II-6 ++ 4.0 1.25 1.18 1.56 1.33

II-7 +++ 2.4 0.31 0.82 1.48 0.87

II-8 ++ 3.0 1.25 1.41 1.33 1.33

II-9 ++ 3.0 0.51 0.53 0.73 0.59

II-10 ++ 4.2 1.05 1.11 1.18 1.11

II-11 ++ 1.4 0.74 0.65 0.74 0.71

II-12 +++ 1.6 0.61 0.81 0.80 0.74

II-13 ++ 5.4 0.61 0.74 0.61 0.65

II-14 ++ 2.0 0.46 0.44 0.48 0.46

II-15 +++ 2.4 1.18 1.82 0.99 1.33

II-16 +++ 4.0 2.22 2.50 1.93 2.22

II-17 +++ 4.2 0.60 0.83 1.11 0.91

- no effect (failure to ignite the composition due to a faulty fuse head, flash fire, or combustion), + bang effect comparable to or weaker than
M-0 (good), ++ bang effect stronger than M-0 (better), +++ the strongest bang effect (best).
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The tests revealed that the compositions obtained through mathematical calculations
produced the desired effects. The applicability of the mathematical plan for the experiment
was confirmed.

3.7. Optimization of Pyrotechnic Compositions

To achieve the optimum composition, the objective is to develop a product with good
performance.

The composition has to have little friction sensitivity, but it must also burn at the right
rate in order to meet the requirements for safety and performance.

Based on the tests and the M-0 composition, boundary parameters were adopted as a
compromise between safety and performance.

The following boundary parameters were determined:

- friction equal to or higher than 2 kg,
- mean burning rate equal to or less than 0.8 cm/s.

The aforementioned boundary parameters were used to assume the following desig-
nations (Table 12) for optimization purposes:

Table 12. Designations used for optimization.

Type of Composition
Designation for Individual Components

KClO4 Fe2O3 Al PAM S

Composition 1 X1 X2 X3 - X4

Composition 2 X1 X2 - X3 X4

Designations for tested properties (identical for all compositions):
Y1—mean burning rate,
Y2—friction.
The following mathematical model was used to describe the experimental data

Yn =
k

∑
i=1

aizi +
k

∑
i=1

k

∑
j=1

aijzizj + e (2)

where:

Yn—designated composition property,
zi,zj—i-th and j-th composition component in coded units,
ai,aj—regression coefficients,
e—the so-called random component resulting from failure to adapt the model to the
experimental data.

The transition from natural components Xi to coded ones Zi is defined by the following
relationship.

zi =
Xi − Xoi

∆X
, i = 1, 2, 3, 4 (3)

For the analysed compositions, Xoi and ∆X take the values given in Table 13.

Table 13. Values for Xoi and ∆X.

Type of Composition
Numerical Values for Individual Quantities

Xo1 Xo2 Xo3 Xo4 ∆X

Composition 1 25 5 15 15 40

Composition 2 20 10 20 20 30



Energies 2021, 14, 8548 10 of 16

The calculated values of regression coefficients and basic statistical evaluation param-
eters of the obtained models:

R—coefficient of multiple correlation,
sR—standard deviation of the residual component,
sR(%)—standard deviation as a plan of the value and mean of the optimised value.

are shown in Table 14, i.e.,

Table 14. Values of regression coefficients and evaluation parameters of the obtained mathematical
models.

ai, aj
Composition 1 Composition 2

Y1 Y2 Y1 Y2

a1 −2.727 41.425 −0.751 0.773

a2 −2.028 −8.118 −1.580 5.933

a3 −1.976 −7.886 −3.928 −14.342

a4 −1.996 −13,253 5.297 33.001

a12 5.051 −36.679 3.855 −2.380

a13 5.155 −56.012 10.353 25.583

a14 3.074 −89.330 −10.774 −38.208

a23 4.689 49.449 13.192 28.892

a24 2.697 50.313 −9.284 −44.124

a34 3.436 26.398 0.072 −21.512

R 0.974 0.834 0.979 0.952

sR 0.105 3.577 0.161 0.634

sR(%) 26.83 57.17 17.00 19.80

Identical values of the regression coefficients reflect a good fit of the models to the
experimental data. Examples of calculation results are illustrated in Figures 1–6. These
figures show the relationship between the mean burning rate (cm/s) and friction (kg) and
the content of composition components (%).
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Figure 1. Relationship between the mean burning rate (cm/s)—blue line, friction (kg)—red line,
and the content of pyrotechnic composition components (%)—triangle sides, 1A, 1B, 1C—selected
control pyrotechnic compositions for which friction and burning rate tests were performed, at the
fixed sulphur weight content of 15%.
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Figure 6. Relationship between the mean burning rate (cm/s)—blue line, friction (kg)—red line, and 
the content of pyrotechnic composition components (%)—triangle sides, 6A, 6B, 6C—selected con-
trol pyrotechnic compositions for which friction and burning rate tests were performed at the fixed 
sulphur weight content of 30%. 

For the sake of clarity, the following designations were used: 
- mean burning rate—blue line, 
- friction—red line, 
- percentage of individual composition components—triangle side. 

One of the components (sulphur) was at a fixed level, but it varied between the com-
positions (Table 15). 

To select the desired mixture, the figure can be used to determine the optimum com-
position by reading percentages of component contents from individual sides of the tri-
angle at the right friction and mean burning rate. 

Table 15. List of designations. 

Figure Number Type of Composition S weight Content (%) 
Figure 1 M-1 15 
Figure 2 M-1 25 
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The calculation results presented graphically in Figures 1–6 were used to select new 
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The data from the figures were read only for the area covered by the plan for the 
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Figure 6. Relationship between the mean burning rate (cm/s)—blue line, friction (kg)—red line,
and the content of pyrotechnic composition components (%)—triangle sides, 6A, 6B, 6C—selected
control pyrotechnic compositions for which friction and burning rate tests were performed at the
fixed sulphur weight content of 30%.

For the sake of clarity, the following designations were used:

- mean burning rate—blue line,
- friction—red line,
- percentage of individual composition components—triangle side.

One of the components (sulphur) was at a fixed level, but it varied between the
compositions (Table 15).

Table 15. List of designations.

Figure Number Type of Composition S weight Content (%)

Figure 1 M-1 15

Figure 2 M-1 25

Figure 3 M-1 35

Figure 4 M-2 20

Figure 5 M-2 25

Figure 6 M-2 30

To select the desired mixture, the figure can be used to determine the optimum
composition by reading percentages of component contents from individual sides of the
triangle at the right friction and mean burning rate.

3.8. Checking the Optimum Area

The calculation results presented graphically in Figures 1–6 were used to select new
compositions meeting the requirements specified in Section 3.7 for further tests.

The data from the figures were read only for the area covered by the plan for the
experiment. This area is specified on the figures by dotted lines. The appropriateness of
limiting the considerations to this area resulted from the mathematical model accuracy—the
further away from the experimental area, the lower the mathematical reliability.
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Three variants were selected from each figure to verify the quality of the calculations.
The selected compositions were also subjected to the tests described in Section 3.3 to
verify the quality of the calculations. The test results and the values read from the figures
(including the content of pyrotechnic composition components) are presented in Tables 16
and 17.

Table 16. Test results concerning friction and mean burning rate of M-1 compositions obtained through the mathematical
model.

Figure
Number

Designation
Weight Content of Individual

Components (%) Friction
Read (kg)

Friction
Tested (kg)

Mean
Burning Rate
Read (cm/s)

Mean
Burning Rate
Tested (cm/s)KClO4 Fe2O3 Al S

Figure 1

1A 38 19 28 15 ~3 4.0 ~0.55 0.42

1B 42 13 30 15 ~5 4.8 ~0.50 0.35

1C 38 15 32 15 ~3 4.0 ~0.55 0.39

Figure 2

2A 30 25 20 25 ~6 8.0 ~0.40 0.37

2B 36 17 22 25 ~5.5 8.4 ~0.50 0.34

2C 35 14 26 25 ~6 8.0 ~0.52 0.35

Figure 3

3A 34 5 26 35 ~4 16.0 ~0.36 It did not
ignite

3B 35 15 15 35 ~8 10.8 ~0.32 0.31

3C 28 10 27 35 ~11 16.8 ~0.4 0.14

Table 17. Test results concerning friction and mean burning rate of M-2 compositions obtained through the mathematical
model.

Figure
Number

Designation
Weight Content of Individual

Components (%) Friction
Read (kg)

Friction
Tested (kg)

Mean
Burning Rate
Read (cm/s)

Mean
Burning Rate
Tested (cm/s)KClO4 Fe2O3 PAM S

Figure 4

4A 36 18 26 20 ~3 2.4 1.9 1.54

4B 35 18 27 20 ~3 3.2 ~2.3 0.93

4C 39 14 27 20 ~2.5 2.4 ~1.7 0.77

Figure 5

5A 35 20 20 25 ~2 2.4 0.4 0.39

5B 37 17 21 25 ~2 3.2 0.5 0.49

5C 38 15 22 25 2 2.0 0.7 0.44

Figure 6

6A 30 20 20 30 ~4 7.2 0.4 0.39

6B 37 13 20 30 ~3 4.2 0.4 0.37

6C 29 18 23 30 ~4.3 4.8 0.8 0.43

The results of the tests show some deviations from the values read from the figures.
Inaccurate drying of KClO4 or inaccurate component mixing may have had a negative
effect on the repeatability of the results for compositions M-1 and M-2. Components have
different fineness levels so their inaccurate mixing could have caused coarser particles not
to be distributed in the entire mass, thus increasing sensitivity. The effect of fineness on
combustion is also significant. If components are ground well, they can come into close
contact, facilitating the stimulation of combustion. In this case, components of different
thicknesses and their inaccurate mixing may have caused the opposite, affecting the test
results.
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To sum up, it can be said that despite certain deviations resulting from a large mea-
surement error, the mathematical selection of compositions allows their properties to be
predicted well.

4. Conclusions

The paper attempts to apply a mathematical model in order to develop pyrotechnic
compositions used to imitate a sound effect. New compositions were selected for tests in
order to replace Ba(NO3)2 used in this type of firecracker.

The selected components of the new compositions formed four-component systems,
which made it necessary to increase the number of tests used to evaluate the effect produced
by firecrackers. As a result, it was useful to apply mathematical modelling, which allowed
the number of combinations to be minimised and the number of experiments to be reduced.
For optimisation purposes, performance values were used, i.e.,

- friction sensitivity—this makes it possible to determine manufacturing process safety
(provides information on the sensitivity of compositions),

- burning rate of the composition—this phenomenon makes it possible to evaluate its
impact on the effect imitating an explosion process (makes it possible to evaluate the
dynamics of the combustion process).

The final result of the experiments was the graphical preparation, in the form of
ternary graphs, of the relationship between the mean burning rate and friction, depending
on the percentage composition components.

To select the desired mixture, the figure can be used to determine the optimum
composition by reading percentages of component contents from individual sides of the
triangle at the right friction and mean burning rate. The most important conclusions
resulting from this article can be summarized as follows:

1. The method of the mathematical development of pyrotechnic compositions while
determining other parameters allowed the number of tests to be simplified greatly
because the correlations between the four components were determined in a pro-
grammed manner.

2. Pyrotechnic compositions containing newly developed percentages and amounts of
components proved useful due to their quality and meeting safety requirements.

3. The method of mathematical selection of the mixture composition allows for a good
prediction of the burning velocity and friction of the modelled pyrotechnic mixtures.

Author Contributions: Conceptualization, J.B.; Formal analysis, K.B.; Funding acquisition, K.B.;
Methodology, J.B.; Writing—review & editing, J.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (K.B.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Warchoł, R.; Nita, M. Mieszaniny pirotechniczne stosowane w pirotechnicznych układach opóźniających środków bojowych.
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