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Exploration of the reactivities of
homemade binary pyrotechnics

Chengbo Ru%3, Lihong Chen%3, Hongguo Zhang¥?%3, Hongxing Wang*, Hailong Xu3?,
Zhiwei Chi® & Yanchun Zhang%2**

Understanding the properties of explosives is the basis for investigating and analyzing explosion cases.
To date, due to the strict legal control of standard explosives and initiators, homemade pyrotechnics
composed of oxidizers and fuels have become popular explosive sources of improvised explosive
devices (IEDs) threatening greatly social stability and personal safety. The reactivity of pyrotechnics
strongly depends on their intrinsic characteristics and operating conditions, which determine the
efficiencies of heat and mass transfer between the reaction zone and the unreacted zone. Herein,

the tests of thermodynamics, pressurization characteristics, and combustion propagation behaviors
are conducted to explore the effects of oxidizer species, particle size, and loading density on the
reactivity of homemade binary aluminum-based pyrotechnics. The results show that the pyrotechnics
with potassium chlorate (KCIO,) have the strongest reactivity with the highest pressurization

rate (dp/dt) and the shortest combustion duration. Compared with their counterparts based on
aluminum microparticles(mAl), pyrotechnics consisting of Al nanoparticles (nAl) possess superior
reactivity as expected, which results from the relatively short heat and mass transfer distances.

The nAl-based pyrotechnics have a low reaction exothermic peak temperature, great heat release,
great aluminothermic reaction completeness, and high produced peak pressure with several orders
of magnitude higher pressurization rate. Increasing the loading density of the pyrotechnics over a
certain value can change the dominant mode of heat transfer from convective to conduction, sharply
decreasing the pressurization characteristics and combustion front propagation velocities (vp). The
results of theoretical calculations using the NASA-CEA codes show that loading density can alter the
reaction process of the pyrotechnics, leading to a decrease in the predicted pressure per unit mass

for AI/KNO, or Al/AP, and an increase for AI/KCIO,. For nAl/potassium nitrate (KNO,), the density is
between 1.0 and 1.25 g cm™3, across which dp/dt decreases by one order of magnitude from 0.148 to
0.014 MPa ms™L. In addition, v, decreases by three orders of magnitude from 0.040 to 0.078 m sL.
Distinct pressurization behaviors of nAl/AP are observed at a density of 1.5 g cm~3, while the variation
in nAI/KCIO, reactivity fluctuates. These results are beneficial for the damage assessment of scenes
caused by an explosion and for inversely calculating charge parameters.

Keywords Homemade pyrotechnics, Improvised explosive devices, Loading density, Pressurization
characteristics, Combustion propagation

Improvised explosive devices (IEDs) composed of initiation systems, explosive materials, on-off control
systems, and containers pose a great threat to social stability and personal safety. Due to the strict legal control
of standard military and industrial explosives and initiators, pyrotechnics obtained from fireworks or crackers
and their homemade counterparts become the main charge of the IEDs"? employed in criminal and terrorist
activities>?. Pyrotechnics can be easily ignited by a fuse or an electrically heated wire, then react in a manner of
combustion or deflagration, resulting in a blast. After an explosion occurs, scientific investigations and analyses
of explosion scenes including device reconstruction, residue analysis, charge mass inverse calculation, explosive
source track, and initiation mode evaluation, are necessary. Thereinto, the deduction of relevant information
about the explosives from the trace features of objects damaged by a blast is vital. The intensity of the imprints
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resulting from an explosion is determined by the destructive strength of IEDs, which depends on the reaction
characteristics of the explosives>S.

In terms of composition, pyrotechnics are composite energetic materials composed of oxidizers, reducers,
and sometimes functional additives. Unlike those of monomolecular energetic materials, the reactivity of
pyrotechnics directly depends on the efficiencies of heat transfer and mass transfer between the reacted zone
and the unreacted zone, which is greatly affected by the species of ingredients, particle size, loading density,
confinement strength, and initiation mode. Countless pyrotechnics exist because of the variety of oxidizers
(nitrate, chlorate, perchlorate, metal oxides, iodate, permanganate, and other compounds with oxidizing ability)
and fuel (aluminum, magnesium, aluminum magnesium alloy, titanium, sulfur, phosphorus, and charcoal)
that can be randomly assorted, accordingly, their reactivities vary considerably. Skull model experiments
conducted by Zwirner® revealed that 2.0 g of flash powder (Al/KCIO ) can lead to severe skull fractures, while
2.0 g of black powder does not cause bone fractures. The levels of blast overpressure produced by four brands
of consumer crackers and one brand of consumer bottle rockets exhibit distinct differences (42-90 kPa) when
measured at a distance of 75 mm? Reducing the size of reactants enhances the reactivity of pyrotechnics by
enlarging the interfacial contact areas between reactants'’. Apart from the excellent combustion performance of
nanothermites, Selvakumar!! also found that nanoscale flash powder (Al/S/KNO,) with a higher completeness
of reaction consumes only 25 wt% of the microscale powder needed to emit the same noise level. The effect of
loading density on the combustion propagation of nanothermites has been studied by researchers. As reported
by Ahn'?, with increasing density of the Al/CuO nanothermite, the unconfined burn rate decreases rapidly
at low pellet densities (38-52% theoretical maximum density (TMD)) and decreases gradually at high pellet
densities (52-80% TMD), while the pressurization characteristics decrease obviously. However, there are few
reports on the effects of loading density, confinement strength, and initiation mode on pyrotechnics.

To evaluate the destructiveness of explosion scenes and the inverse calculation of charge mass, the reactivities
of the applied explosive materials must be considered as the basis. In practical cases, criminals can obtain
industrially manufactured pyrotechnics by disassembling commercial fireworks and crackers, and producing
unknown or little-studied hazardous materials by randomly mixing oxidizers and fuels for application in illegal
scenarios. Moreover, criminals may intend to increase lethality by loading more explosive materials into their
containers, in other words, increasing the loading density. Therefore, finding out the reactivities of unauthorized
explosive materials under different conditions is vital for facilitating the investigation and analysis of explosion
scenes. In this paper, we explore the reactivities of unstudied binary pyrotechnics consisting of powerful fuels
of aluminum microparticles and nanoparticles and three of the most common oxidizers potassium nitrate,
potassium chlorate, and ammonium perchlorate under various loading densities. These results can provide
useful information for the field of forensic science, such as IEDs disposal, damage evaluation, accident analysis,
inverse calculations of explosive source parameters, and personal protection.

Experimental section

Materials

Aluminum nanoparticles (nAl, ~50 nm) and microparticles (mAl, ~1 pum) are purchased from HAOXI
Research Nanomaterials (Shanghai), Inc. The active content of Al is approximately 74.2 wt% as measured by
thermogravimetric analysis (TG) under air purge. Potassium nitrate (KNO,), potassium chlorate (KCIO,),
ammonium perchlorate (NH,CIO,, or AP), and n-hexane are supplied by Sinopharm chemical reagent Co., Ltd.

Pyrotechnic preparation

To minimize the agglomeration of solid particles, the binary pyrotechnics are mixed in an ultrasonic bath. In
general, Al and oxidizers are added to n-hexane, and then the suspensions are sonicated for 60 min using an
ultrasonic cleaner (KQ-300DB, Kunshan Ultrasonic Instruments Co., LTD). Finally, the uniformly dispersed
suspensions are poured onto a dish to remove solvent in a fume hood. Due to the existence of alumina shell
on the surface of Al powders, the optimum mass ratios of the reactants are determined by their pressurization
characteristics, as shown in Fig. S1 and Table 1. The equivalence ratio (¢) of Al/oxides is defined as Eqs. (1)-(4),

(F/O),
? =¥, M

where (F/O), is the stoichiometric ratio of Al/oxides as described by Egs. (2), (3), and (4), (F/O), is the actual
ratio of Al/oxides. The morphologies of the prepared pyrotechnics are captured by a field-emission scanning
electron microscope (SEM), while the dispersion of constituents is qualitatively evaluated by an attached energy
dispersive spectrometer (EDS).

10Al + 6KN()3 — 3A12()3 + SKZO + 3Nf_) (g) (2)

Samples ¢ | Massratio | Loading density (g cm™>) Mass of loaded powders (mg)

Al/KNO, 1.4 | 38.4/61.6 1.0, 1.25, 1.50, 1.75, 2.0, 2.20 | 114, 143, 171, 200, 229, 252

Al/KCIO, 1.4 | 34.6/65.4 1.0, 1.25, 1.38, 1.50, 1.75 114, 143, 158, 171, 200

AIUNH,CIO, | 2.0 | 43.4/56.6 1.0, 1.25, 1.38, 1.50, 1.75 114, 143, 158, 171, 200

Table 1. Details of the prepared pyrotechnics.

Scientific Reports |

(2024) 14:27555 | https://doi.org/10.1038/s41598-024-79212-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

2KC10; + 4A1 — 2KCl + 2A1,04 3)
6NH,CIO, + 10Al = 4AL,O; + 3Ny () + 12H50 (g) + 2AICk, (4)

Thermal analysis

The thermodynamics of the samples at low heating rate are measured using a thermogravimetry/differential
scanning calorimetry (TG-DSC) instrument (STA 6000, PerkinElmer). Approximately 1 mg of samples are
placed in an alumina crucible under argon flow and heated from room temperature to an end temperature of
800 °C at a heating rate of 10 K/min.

Measurement of pressurization characteristics

To obtain the optimum ratio of Al/oxidizers, the pressurization characteristics of pyrotechnics are measured
using a combustion cell with ~15 mL volume equipped with a piezoelectric pressure sensor (CY-YD-205,
Sinocera Piezotronics, INC) coupled to a charge amplifier (YE5854A, Sinocera Piezotronics, INC). For a typical
test, 25 mg of samples consisting of nAl or mAl particles are placed on a bowl-like combustion base, as shown
in Fig. 1a, and ignited by a nichrome (Ni-Cr) wire with a diameter of 0.2 mm, which is in direct contact with
the samples. Time-resolved pressure curves are recorded by an oscilloscope. The Maximum pressure and
pressurization rate are then extracted to evaluate the reactivity of the samples. To compare the pressurization
characteristics of pyrotechnics loaded at various densities, a cylindrical combustion base, as shown in Fig. 1b,
with an inner diameter of 3 mm is used.

Prediction of adiabatic combustion performance

The effect of loading density on the combustion performance of these binary explosives is theoretically predicted
using the NASA-CEA thermochemical codes!® with UV (constant volume) option. For the calculations, the
density of the pyrotechnics ranges from 0.25 to 2.2 g cm™3, and the size of reactants is not considered. Based on
the minimization-of-free-energy formulation, details output performance for given mixtures can be predicted,
including adiabatic flame temperature (T), the species, mole fraction and thermodynamic state of products,
average molar mass of products (M), and so on. Additional, impetus (f,) can be obtained by Eq. (8), which is a
key parameter to evaluate the working capability of energetic materials,

Jo =nRT, (5)

where n and R are the mole number of gaseous products and universal gas constant, respectively. For a given
volume (V) and mass (m), the impetus of samples is proportional to produced pressure (P), and can be calculated
by Eq. (9) based on the ideal gas state equation.

fo=— (6)

Visual combustion propagation recording

The prepared pyrotechnics are loaded into open-ended transparent quartz tubes, which allow visual recording
by a high-speed camera (CP70-2-M/C-1000, Optronis), as shown in Fig. 2. The inner and outer diameters of the
quartz tubes are 3 mm and 9 mm, respectively. The powders are poured into a tube, which is placed in a charging
mould, and then compressed into pellets using a lever press. The length of loaded samples is set as 10 mm, hence
the mass varies by loading density (Table 1). The pellets are then ignited by a Ni-Cr heating wire. The exposure
time and aperture of the high-speed camera are set to 10 us and F8.0, respectively. All tests are carried out in
ambient air.

Results

Morphological characterization

Figure 3 displays SEM images of the raw materials and composites. Solid oxidizer particles with uniform sizes
are obtained via a solvent-antisolvent recrystallization method (distilled water-ethanol for KNO3 and KCIO3,
and N-N dimethylformamide-dichloromethane for AP). The dimensions of the refined KNO,, KCIO,, and
AP particles are 7.13 umx3.24 um, 2.35 umx1.83 pum, and 2.49 umx1.87 um, respectively. The components of
the prepared pyrotechnics are uniformly dispersed without obvious agglomeration. For example, aluminum

(2) % (b) E

Fig. 1. Schematic of (a) bowl-like combustion base and (b) cylindrical combustion chamber used in
pressurization characteristics tests.
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Fig. 2. Experiment setup used for visual combustion propagation recording: (a) charging mold, (b) a quartz
tube loaded with pyrotechnics, and (c) recording setup.

nanoparticles (nAl) are spread over the surfaces of KNO, microparticles, as shown in Fig. 3e. In contrast, relatively
few Al microparticles (mAl) rest on the surfaces of KCIO, particles (Fig. 3g) due to their similar diameters,
resulting in a relatively small contact area. The EDS mapping analysis of mAl/KCIO, (Fig. 3h) confirms that
the compositions are dispersed uniformly, as clearly indicated by the element maps of potassium (K) (green),
chloride (CI) (blue) and Al (red), which are attributed to the KCIO, and nAl components of the mixture.

Thermodynamic results

Table 2; Fig. 4, and Fig. S2 present the thermal analysis results of the prepared pyrotechnics, revealing that
the addition of Al particles alters the thermodynamics of the oxidizers. For the pure refined KNO,, there are
three main endothermic peaks corresponding to phase conversion (135 °C), melting (329 °C), and thermal
decomposition (679 °C)'. After mixing, one exothermic peak occurs in the range of 475 to 650 °C due to the
gas-solid reaction occurring between Al and the KNO, decomposition products. There is an endothermic peak
(352 °C) of melting and an exothermic peak (520 °C) of decomposition!® in the DSC curve of the refined KCIO,.

Scientific Reports |

(2024) 14:27555 | https://doi.org/10.1038/s41598-024-79212-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 3. SEM images of (a) nAl, (b) mAl (c) refined AP, (d) refined KNO,, (e) nAl/KNO, with enlarged zone,
(f) refined KCIO,, (g) mAI/KCIO,, and (h) elemental maps for K, Al Cl (K=green, Al=red, and Cl=blue) of
mAI/KCIO,.

Samples Theoretical mass loss | Mass loss without thermite reaction | Mass loss TG results | Temperature of exothermic peak (°C) | Heat release (J g™)
KNO, 53.5% - 64.4%

nAl/KNO3 9.6% 33.0% 13.5% 555 1895.2

mAl/KNO3 9.6% 33.0% 28.1% 600 768.8

KClO3 39.2% - 31.1%

nAl/KClO3 0 25.6% 13.9% 552 2197.0

mAl/KCIO, | 0 25.6% 18.9% 599 599.4

AP 100% - 95.7%

nAl/AP 30.8% 56.6% 50.5% 577 22220

mAIl/AP 30.8% 56.6% 62.9% 608 2039

Table 2. Thermal analysis results of the oxidizers and the prepared pyrotechnics.
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Fig. 4. DSC curves of the refined oxidizers and the prepared pyrotechnics.

In the mixture of Al/KCIO,, the exothermic peak on account of the thermite reaction shifts to a relatively high
temperature. The decomposition of the refined AP mainly consists of an endothermic peak (244 °C) of phase
transition and an exothermic peak of high-temperature decomposition (HTD)'¢. The addition of Al particles
shifts the HTD stage to a lower relatively low temperature, while the thermite reaction between AP and Al also
occurs below the melting point of Al (660 °C).

The results also reveal that the nAl-based pyrotechnics possess excellent reactivity with a relatively low
exothermic peak temperature, a relatively high amount of released heat, and a high completeness level of
the reaction. During heating, an obvious weight loss of the pure refined oxidizers caused by the runaway of
gaseous decomposition products can be observed. Al reacts with the decomposition products in a manner of
gas-solid reaction, releasing substantial heat. The exothermic peak temperature of nAI/KNO, is 45 °C lower
than that of mAl/KNO,, while the amount of heat released is nearly 2.5 times greater (1895.2 vs. 768.8 ] g™).
Similar differences exist in the other two systems. As summarized in Table 2, the theoretical weight losses of
pyrotechnics described by Egs. (2), (3) and (4) are 9.6%, 0%, and 30.8%, respectively. The theoretical weight
losses of pure KNO,, KCIO,, and AP in the prepared mixture should be 33%, 26.6%, and 56.6%, respectively,
as expressed by Egs. (5), (6), (7)'4716, specifically, only the decomposition of the oxidizer should be considered
without undergoing further thermit reaction.

4KNO3 — 2K50 + 2N, (g) + 509 (g) (7)
2KC103 — 2KC1 4 30, (g) (8)
2NH,ClO4 — 20, () + N2 (g) + 4H,0 (g) 4 Cl; (g) ©)

However, the measured weight losses of the prepared pyrotechnics are between the theoretical values of these
pyrotechnics and the theoretical weight losses of pure oxidizers, except for mAl/AP. For example, the TG result of
nAI/KNO, is 13.5%, and the corresponding theoretical values of the pyrotechnic itself and pure KNO, are 9.6%
and 33.0%, respectively. This finding suggests that partially decomposed gaseous products escape without the
occurrence of thermit reaction. The high mass loss of the mAl-based pyrotechnics indicates that more gaseous
decomposition products escape with relatively low completeness of the reaction and the presence of superfluous
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mAl These results can be verified by the endothermic peak of Al melting (~660 °C) in mAl/KNO, and mAl/
KCIO,. Similar phenomena can be observed for Al/KCIO, and AI/AP.

Seemlngly, the diameters of the Al particles have the most significant effects on the KClO,-based pyrotechnics,
as the amount of heat released from mAI/KCIO, (2197.0 ] g~!) is much lower than that of nAl/KCIO;, (599.4 ]

g™1), and combustion propagates more slowly than that of mAl/AP. The decomposition processes of both KCIO,

(370 600 °C) and AP (400-500 °C) release heat, rather than absorb heat. This may be one factor explaining why
the KNO,-based pyrotechnics have the lowest pressurization levels. Compared to KNO, and KCIO,, AP reacts
with Al more completely, as no endothermic peak appears after the thermit reaction, and the reaction is more
powerful as the amount of heat released is relatively high, especially in the case of mAl/AP, resulting in a high
combustion propagation velocity.

Pressurization characteristics of pyrotechnics

Table 3 presents a summary of the pressurization characteristics of the prepared pyrotechnics combust on a
bowl-like combustion base. The mixture of mAl and KNO, cannot combust completely even with the aid of
Al/Fe,O, nanothermite which is one high energy priming, therefore, no data are available. Compared to the
other two systems, the KClO,-based pyrotechnics exhibit the best pressurization characteristics. For example,
the pressurization rate (dp/dt) of nAl/KCIO, (7.58 MPa ms™") is one order of magnitude higher than that of both
nAl/KNO, (0.37 MPa ms~!) and nAl/AP (0. 94 MPa ms™!), and the combustion duration (t)) is the shortest (0.38
ms). When Al nanoparticles are replaced by microparticles, mAl/KCIO, reacts more 1ntensely than mAI/AP, with
a higher dp/dt (0.064 vs. 0.028 MPa ms™!) and shorter t (2.97 vs. 13. 24 ms). The mixtures with nAl obviously
exhibit superior pressurization characteristics to those of the mAl-based pyrotechnics. Compared to those of
mAI/KCIO, and mAl/AP, the dp/dt of nAl-based pyrotechnics is approximatelyl ~ 2 orders of magnitude greater
(7.58 vs.0. 064 and 0.94 vs. 0.028 MPa ms™!, respectively), and the peak pressure (P, ) is more than two times
greater (1.37 vs.0.43, and 1.22 vs. 0.54 MPa, respectively); correspondingly, the ¢_is one Corder of magnitude lower
(0.38 vs.2.97, and 0.88 vs.13.24 ms, respectively). Nanoparticles have a smaller diameter and greater surface area
than microparticles; hence, the distances between Al and the oxides are shorter for nAl-based pyrotechnics than
for mAl-based pyrotechnics, thereby increasing the heat and mass transfer efficiencies between fuels and oxides
and intensities of reactions. Similar to the change in thermodynamic behavior, the pressurization characteristics
of Al/KCIO, attenuate more sharply than those of AI/AP when mAl replaces nAl.

Predicted reactivities of pyrotechnics at various loading densities

The calculation results are shown in Fig. 5 and Fig. S3. With increasing density, the total mole fraction of main
condensed products for AI/KNO, or Al/KCIO, increases monotonically, but the change in Al/AP is negligible.
The average molar mass of products (M) in AI/KNO, or Al/AP increases persistently while that of AI/KCIO,
shows a contrary tendency. As a comprehensive result of the change in mole fraction of condensed products
and M, the gaseous products mole number for AI/KNO, or Al/AP decrease monotonically going against violent
combustion, but it decreases firstly and then slightly rises for Al/KCIO,. Meanwhile, the predicted values of
T increase monotonically, thereinto, the increment for AI/KCIO, is the largest. These results indicate that the
loading density can alter the reaction process of the pyrotechnics. As the product of n and T, the produced P
of AI/KNO, or Al/AP per unit mass decreases steadily with increasing density. The variation tendencies are
consistent w1th the measured Values The calculated values of the impetus of AlI/KCIO, loaded at the range of
density from 0.75 to 2.20 g cm~3 exhibit a general increase. However, the overmuch pred1cted values of T (7000-
9000 K) may be the reason why the variation tendency of the experiment values is opposite as the produced P
scales with the released heat and the moles of gaseous products.

Pressurization characteristics of pyrotechnics at various loading densities

The pressure cell results for pyrotechnics loaded at various densities are summarized in Fig. 6 and Fig. S4. Due
to the low reactivity and high heat loss in a cylindrical combustion chamber, the pellets of mAI/KCIO, cannot
combust in a self-sustaining manner; therefore, no data are available. In addition to the open combustion space
of the bowl-like combustion base, the semi-confined combustion environment provided by the cylindrical
combustion chamber enhances the reaction completeness of pyrotechnics, but may hinder the diffusion of
gaseous products, resulting in different pressurization characteristics. The results show that the loading density
has different effects on the variations in the pressurization behaviors of the three systems. The pressurization
process of nAI/KNO, is obviously affected by the loading conditions, and an abrupt decrease in the reactivity
occurs in the den51ty range of 1.0 to 1.25 g cm™. When nAI/KNO, is loosely loaded (1.0 g cm™), the dp/dt and
P . of nAI/KNO, are 0.175 MPa ms™' and 0.96 MPa, respectlvely When the powders are slightly compressed

(1m§5 gcm™), dp/ dt decreases by one order of magnitude to 0.024 MPa ms™', P, _decreases by approximately

ma.

Samples P .. (MPa) | dp/dt (MPa ms™!) | Combustion durations (ms)
nAl/KNO3 0.81+0.067 | 0.37+0.035 2.04+0.38

nAl/KClO3 1.37+0.048 | 7.58+0.32 0.38+0.034

mAl/KClO3 0.43+0.013 | 0.064+0.010 2.97+0.14

nAl/NH4CIO4 1.224+0.099 | 0.94+0.086 0.88+0.12

mAl/NH4C104 0.54+0.024 | 0.028 +0.002 13.24+0.39

Table 3. Pressurization characteristics of the prepared pyrotechnics.
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Fig. 5. Predictions using NASA-CEA for the constant volume combustion of the pyrotechnics: (a) mole
fraction of main condensed products, (b) average molar mass of products, (c) amount of gaseous products ()
and (d) impetus (f,) at various densities.

half to 0.50 MPa, and ¢, increases from 0.49 ms to 14.6 ms. With increasing loading density, the pressurization
characteristics further decrease slightly to 0.35 MPa, 0.014 MPa ms™!, and 16.7 ms. Loading conditions seem
to mildly impact the reactivity of nAl/KCIO,. In the density range of 1.0-1.75 g cm™, the dp/dt and ¢, values
fluctuate around 30 MPa ms™! and 0.35 ms, respectlvely, while the P, decreases by 17%. This result indicates
that nAl/KCIO, can maintain superior reactivity even when loaded at a high den51ty For nAl/AP, the abrupt
decline in the pressurlzatlon characteristics occurs at a density of 1.50 g cm™, at which point six trials are
conducted. When the loading density increases from 1.0 g cm™ to 1.38 g cm™, the values of dp/dt and P
decrease gradually. When the loading density reaches 1.50 g cm™3, distinct pressurlzatlon behaviors (3 trials of
rapid reaction and 3 trials of slow reaction) are observed. For rapid reaction, the values of the pressurization
characteristics are 1.94 MPa, 0.38 MPa ms~!, and 2.18 ms, respectively. In contrast, these values of the slow
reaction decrease greatly to 0.50 MPa, 0.027 MPa ms™!, and 11.0 ms, respectively. With increasing loading
density of mAI/AP, the values of dp/dt and P, decrease linearly by 62% and 89%, respectively. No available
pressure-time curve of mAI/AP is obtained when the loading density exceeds 1.38 g cm™.

Besides the size of reactants, loading conditions also have a significant impact on the efficiency of heat and
mass transfer during reaction propagation. Increasing loading density facilitates conductive heat transfer, but
goes against convective heat transfer and accompanied mass exchange, leading to a decreasing reactivity with low
gaseous products yield, as proven by the decreasing pressurization characteristics of mAl/AP. For pyrotechnics
composed of nanoparticles, increasing loading density over a certain range would induce an abrupt transition
of dominant heat transfer mode from convective to conductive, resulting in an abrupt transition of reactivity
as shown in the case of nAI/KNO; and nAl/AP. The certain range of loading density strongly depends on the
intrinsic characteristics of reactants. Due to the superior yield of gaseous products, the transition density range
of nAl/AP (~1.50 g cm™?) is higher than that of AI/KNO, (between 1.0 and 1. 25 g cm™%). For nAl/AP, the dp/
dt values differ by orders of magnitude with a loading den51ty of 1.50 g cm™>, suggesting that the dominant
heat transfer mode was oscillating between convective and conductive at this point. Besides, the relatively small
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Fig. 6. Pressurization characteristics of (a) nAl/KNO,, (b) nAl/KCIO,, (c) nAl/AP and (d) mAI/AP loaded at
various densities.

mass of loaded powders (~25 mg) may lead to a great error for loading density, resulting in distinct output
performances. In previous reports, similar phenomena were also observed. For example, an abrupt transition of
thrust forces and burn durations was observed at 52.5% TMD for Al/ BiZO3/NC(2.5%)17, and the reaction-regime
transition occurred at 44.4% TMD for Al/CuO nanothermite'®. In addition of its low ignition temperature
confirmed by DSC results, AI/KCIO, could maintain quite high pressure output at high loading density as
predicted by CEA codes making the variation tendency of pressurization of nAl/KCIO, is not clear.

Combustion propagation behaviors

The combustion propagation processes of pyrotechnics loaded at various loading densities are recorded by a
high-speed camera. Quartz tubes filled with nAl//KCIO, or nAl/AP are easily shattered even at a high loading
density due to the rapid expansion of gaseous products within several milliseconds; thus, no data are available.
As shown in Fig. 7, the combustion propagation processes of nAI/KNO, vary at different loading densities.
The combustion front propagates from the up to the down, and the dotted line (yellow) represents the upper
boundary of the quartz tube. The dashed straight lines (red) that connect combustion fronts indicate that these
combustions propagate at a constant speed. The combustion of loosely loaded (1.0 g cm™) nAl//KNO, is intense
with a sharply shaped flame front, and the propagation duration is only 240 ps. Flames inside the tube are
luminous because of the high mass flux of hot products. The nAl//KNO, loaded at a density of 1.5 g cm™
combusts in the manner of end-burning with a steady front, and the propagation duration reaches to 194 ms.

The combustion behaviors of mAl//KCIO, at various loading densities change obviously as shown in Fig. 8a
and b. When the loading density is 1.0 g cm~3, the front propagation duration is 0.44 s with a brighter flame
inside the tube, while it is 1.3 s at 1.5 g cm™. As the loading density increases, combustion propagates relatively
slowly with decreasing the mass flux of the products, and more condensed state products remain on the inner
wall (Fig. 8c) leading to a darker flame that can be observed inside the tube.

The positions of the flame front as a function of time in each test are first extracted by Image] software and then
fitted by linear fitting, as shown in Fig. S5. The combustion propagation speed (v, ) is the value of the slope of the
fitted line. Figure 9 displays the v values of nAl/KNO,, mAl/KCIO,, and mAI/AP at various loading densities.
The combustion behaviors of nA‘lj/KNO3 obviously change the most significantly. The v_ decreases sharply by
three orders of magnitude from 48.8+18.6 m s™" to 0.045+0.008 m s as the loading density increases from
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Fig. 7. Combustion of nAl/KNO, loaded at (a) 1.0 g cm™ and (b) 1.5 g cm™?
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Fig. 8. Combustion of mAl/KCIO, loaded at (a) 1.0 g cm™3 and (b) 1.5 g cm™3, and (c) combustion residues of
mAI/KCIO, on the inner wall of quartz tubes.

1.0 g cm™ to 1.25 g cm~>. With the continuous increase in the loading density (1.50 g cm™ to 2.20 g cm ™), v,
slightly increases from 0.040 m s™! to 0.078 m s™!. The v, of mAl/AP decreases linearly by one order of magnitude
from 1.36+0.38 m s™! (1.0 g cm™) to 0.31+0.13 m's™! (1.25 g cm™) and then to 0.10+0.06 m s™! (1.38 g

m~3). The combustion of mAl/ KClO propagates mildly with the lowest v , which decreases gradually from
16 7458 mms ! t04.6+0.4mms” as the loading density increases from 1.0 g cm™ to 1.75 g cm™>.

Discussion

For a typical pyrotechnics-based IED, the base charge can be ignited by a hot wire excited by a power source or
a fuse, which then reacts in a self-sustaining manner of combustion or deflagration, producing abundant hot
gaseous and condensed products. When the internal pressure of the container resulting from the expansion
of hot gaseous products exceeds its strength, an explosion occurs, as shown in Fig. 10. The intensity of the
explosion is closely related to the reactivity of the applied charge. In addition to reaction kinetics based on
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the inherent nature of energetic materials, the reactivities of pyrotechnics are governed by the mass and heat
transfer efficiencies, i.e. heat transfer in the form of conduction, convection, and radiation, and the movements
of hot substances involving condensed and gaseous products between the combusted region and unreacted
region. Among these behaviors, convective heat transfer and the exchange of accompanying materials (gaseous
and condensed products) exchange are the main contributors to the maintenance of high-speed combustion
propagation!®-2L,

According to Darcy’s law, the porosity of loaded materials and the pressure gradient directly affect the
propagation behaviors of fluids. When pyrotechnics are loaded into a container, voids between particles, which
serve as channels for concomitant substance transport, spread across the grain. Under a low loading density,
the presence of numerous sufficient voids between particles guarantees that convection is the dominant mode
of heat transfer facilitating high-speed combustion propagation and superior pressurization characteristics. For
example, convection dominates at a loading density of 1.0 g cm™ for nAI/KNO, and at a loading density below
1.5 g cm™ for nAl/AP; for the KNO,-based pyrotechnics, the loading density at which convection dominates is
not clear.

Increasing the loading density decreases the porosity of grains, which is favorable for enhancing the thermal
conductivities of loaded materials by enlarging the contact areas of solid particles for one thing®?. This is
an explanation that why the v of nAlI/KNO, increases slightly when its loading density exceeds 1.5 g cm™.
Conversely, increasing the loading density can close a certain number of channels for convective heat transfer
and for mass transport?. The contribution of heat conduction to sustaining a high combustion propagation
speed is fairly low, even estimated by upper bound?’, while the decrease in the convective heat transfer efficiency
is exponential. Hence, when the loading density increases above a specific value, conduction becomes the
dominant heat transfer mode with a relatively low combustion propagation velocity (i.e., conduction dominates
at current densities of 1.25 g cm™ for nAl/KNO, and 1.5 g cm™ for nAl/AP). A relatively high gaseous product is
also beneficial for convective heat transfer and concomitant substance transport due to a great pressure gradient.
Therefore, the maximum loading density corresponding to the high-level reactivity of either nAl/AP or nAl/
KCIO, with a high peak pressure is greater than that of nAI/KNO,.

Notably, the combustion ambient pressure significantly affects the mass and heat transfer efficiencies of
pyrotechnics. As reported by Weismiller®*, increasing the ambient pressure changes the dominant propagation
mechanism of heat transfer from convective to conductive, thereby drastically decreasing the combustion
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Fig. 10. Schematic of combustion propagation of pyrotechnics in a closed container.

velocity of Al/CuO nanothermite from ~1000 m s! to ~1 m s™!. This phenomenon is completely different
from that of propellants or explosives. Therefore, increasing the loading density of pyrotechnics in IEDs can
reduce the fluxes of gaseous products, and take a relatively long time to build pressure within an enclosed space;
furthermore, the buildup pressure can further degrade combustion propagation, weakening the destructive
power of the explosion.

Conclusion

In the field of forensic science, a comprehensive understanding of the properties of explosive materials used in
IEDs is critical for investigating and analyzing explosion scenes. With the increasing difficultly in the acquisition
of standard explosives and initiators, pyrotechnics are becoming a common explosive source of IEDs. In this
paper, the reactivities of homemade binary pyrotechnics, which are sensitive to the reactant species and operating
conditions, are systematically studied to improve the accuracy of evaluations of explosion damage and inverse
calculations of charge parameters. The morphologies, thermodynamics, pressurization characteristics and
combustion propagation behaviors of the samples are characterized. Compared with the participation of KNO,
or AP, the participation of KCIO, promotes pyrotechnics release more gaseous products, especially in the case
of nAl/KCIO,, within a relatively short time. The dp/dt of nAl/KCIO, (7.58 MPa s™) is an order of magnitude
greater than that of the others, while the dp/dt of mAI/KCIO, (0.062 MPa s™') is more than twice of mAI/AP.
The diameter of Al has an obvious impact on the thermodynamics and pressurization characteristics of the
pyrotechnics as expected. A small particle size leads to an increasingly intimate contact between the reactants,
which shortens the heat and mass transfer distance. As a result, the nAl-based pyrotechnics have a relatively low
exothermic reaction peak temperature and high amount of released heat, implying that intense reactions occur.
When mAl replaces nAl, mAl/KNO, cannot combust in a self-sustaing manner, and the P, _and dp/dt values
of the other two systems decrease by more than half and by orders of magnitude, respectively. As predicted by
the NASA-CEA thermochemical codes, varying loading density would alter the amount of gaseous products
and adiabatic flame temperature of the pyrotechnics, leading to a decrease in the produced pressure per unit
mass for AI/KNO, or AI/AP, and an increase for AlI/KCIO,. Changing the loading density alters the internal
microstructure of the applied charge and directly affects the heat and mass transfer efficiencies. Increasing the
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loading density decreases the number of channels available for heat convection and the accompanying exchange
of products, and changes the dominant modes of heat and mass transfer. For nAl/KNO,, a sharp decrease in the
reactivity appears between 1.0 and 1.25 g cm™, across which dp/dt decreases by one order of magnitude, and v
decreases by three orders of magnitude. Distinct pressurization behaviors of nAl/AP are observed at 1.5 g cm™;
however, the variation in the reactivity of nAl/KCIO, is chaotic. The consequence of the weakened reactivity
is that the accumulation of pressure inside the IED containers is slowed. Furthermore, the explosion output of
pyrotechnics prepared under various conditions including lethality, shock wave strength, fragment morphology,
residues identification, etc., should be explored to construct a database for forensic science.
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All the data are available on request from the corresponding author.
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