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Abstract: In this paper, confined explosions of HMX-based aluminized explosives in a spherical
chamber are studied. The effects of aluminum particles on the afterburning reaction and explosive
performance are obtained by changing the size of the particles and the gas environment. The results
show that the concentration of oxygen in air is not sufficient to support complete combustion of
aluminum particles. The estimated oxidation rate of aluminum particles is 87-93%, and it tends to
decrease with increasing particle size. Part of aluminum particles oxidize with detonation products,
and the reaction can last for hundreds of microseconds. However, the degree of oxidation between
the large-sized aluminum particles and detonation products is small. A new method is used to
estimate the initial energy of detonation by observing the time difference between sensing the
initial light and the pressure wave. This method leads to a conclusion that some of the aluminum
particles are oxidized during detonation and provide additional energy to the primary blast wave.
Small micron-sized aluminum particles in the range of 48.9 nm to 46.7 um extend the duration of
the fireball.
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INTRODUCTION

Damage of a target by an aluminized explosive de-
pends on the pressure and thermal effects of the explo-
sion. The initial energy is mainly from the detonation
reaction, and the subsequent high pressure and high
temperature are derived from the extra energy gener-
ated by afterburning reactions of the aluminum parti-
cles [1-3]. However, the size of the aluminum particles
affects the afterburning reaction. Therefore, it is essen-
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tial to optimize the aluminum particle size to increase
the energy release efficiency of the aluminized explosive.

At present, there are many studies on the after-
burning reactions of aluminized explosives [4]. Previ-
ous studies [5] showed that aluminum particles begin
to react after approximately 5-100 us after detonation.
This phenomenon may be related to a dense oxide film
(Al303) on the surface of the aluminum particles. The
high decomposition temperature of this oxide film hin-
ders the combustion of aluminum particles. When the
explosion begins, the activated aluminum expands be-
hind the Chapman—Jouguet (CJ) surface due to a rapid
increase in temperature. Thereafter, the oxidized shell
of the surface is broken so that the aluminum particles
come into contact with oxygen. However, some stud-
ies [6, 7] showed that the way in which activated alu-
minum breaks through the oxide shell is also likely to
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be a phase transition of Al;O3. Finally, the released
active aluminum rapidly reacts with the surrounding
detonation products and oxygen to form Al,Os.

Regarding the effect of aluminum particles on the
explosive properties, Peuker et al. [8] found that an early
reaction of aluminum enhanced the primary explosive
blast, and this reaction was approximately half aerobic
and half anaerobic. However, in the particle size range
of 3—40 pm, the effect of the aluminum particle size on
the explosive performance was negligible. In addition,
the results also showed that the fraction of oxygen in
air was sufficient to oxidize aluminum particles within
10 pum. Lewis et al. [9] observed that aluminum parti-
cles emit light at the late stage of the explosion, while
the intensity and duration of the luminescence depend
on the size of the aluminum particles. They believed
that the afterburning reaction had experienced multi-
ple stages in the evolution of the fireball.

Tanguay et al. [10] speculated that the convective
effect of the explosion field led to a decrease in the
dependence of the aluminum particle size on the oxi-
dation rate. Small particles react in a kinetic manner
rather than in a diffusion manner because the mass dif-
fusion coefficient was very large due to their small size.
Therefore, there was always enough oxidant available
for aluminum particles, and the ultimate rate limiter
was that of chemical kinetics [11]. Park et al. [12] de-
termined that aluminum particles have a burning rate
limited by diffusion of particles if the particle size is
larger than 20 pym. If the particle size is smaller than
10 pm, the burning rate is limited in dynamics. The
research of Tanguay et al. [10] also showed that alu-
minum particles of 10 ym and smaller are no longer
burned in the gas-phase diffusion flame, while the burn-
ing time of nano-sized particles is significantly depen-
dent on pressure and temperature. McNesby et al. [2]
found that the combustion reaction of smaller aluminum
particles stopped faster. The reason may be that the
aluminum particles were not thrown by the blast wave
into the reactant mixture layer, even within the blast
wave range. However, large aluminum particles were
more likely to be propelled into the oxygen-rich gas
environment, resulting in a stronger afterburning reac-
tion. Trzcinski [13] believed that a large specific surface
area facilitated the heat exchange and oxidation reac-
tivity of aluminum particles with detonation products
and air. Moreover, the extra heat released by the reac-
tion of small-sized aluminum particles with oxygen or
detonation products increased the temperature of the
explosive product, which, in turn, increased the pres-
sure in the combustion chamber. The data of Maiz et
al. [14] showed that the temperature of the fireball con-
taining large-sized particles was 200 K higher than that
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of small-sized aluminum particles. In the case of a lay-
ered charge, this difference was very small.

The current research on the afterburning reaction
in HMX-based aluminized explosives is limited. More-
over, the quality of the charges in the confined explo-
sion was rather low, which was not conducive to the
complete release of the energy in the aluminized explo-
sive. In this study, confined explosion tests were car-
ried out in a 1.43-m? spherical chamber with different
atmospheres. The afterburning reaction was studied by
observing the duration of light emission, intensity of
Al;0O3 formation, and lifetime of the explosion fireball.
In addition, the time difference between sensing the ini-
tial light and pressure wave arrival was used as a new
method to estimate the initial energy of the explosion.
The overpressure and total impulse were also used to
study the effect of the aluminum particle size on the
explosion performance. The research described in this
paper can provide a reference for the designing formula-
tions of aluminized explosives to enhance the afterburn-
ing effect and the damage effect.

EXPERIMENTS

Four kinds of aluminized explosives containing alu-
minum particles of different sizes were studied. The alu-
minum particles were all spherical, and their size and
specific surface area were measured by an ultrahigh-
speed intelligent laser particle size analyzer. Besides,
the contents of active aluminum were also obtained by
the method of chemical solution titration (conversion of
Fe3T and Fe?*) [15]. The mixtures consisted of HMX,
aluminum particles, and a binder. Their formulations
and the parameters of the aluminum particles are sum-
marized in Table 1. Surprisingly, the results in Table 1
show that over 30% of the aluminum powder (48.9 nm)
from the new packaging has been oxidized. This means
that the activity of nano-aluminum should be consid-
ered in the present study. The specific surface area of
the particles increased as the particle size decreased,
which was expected. The mixtures were produced using
the “wet method” [16-17]. The topographical features
were observed by scanning electron microscopy (SEM),
and the SEM images of the aluminized explosive gran-
ules are shown in Fig. 1.

As shown in Fig. 1, the surface of HMX particles
with an angular shape adhered to the aluminum parti-
cles. It was obvious that the mixtures of TBX-A1l and
TBX-A2 had a neat and smooth surface. The other
two samples were rugged and rough. It should be noted
that the alignment of the aluminum particles was also
a more serious manifestation of their agglomeration.
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Table 1. Composition of aluminized explosives and parameters of the aluminum particles

Composition, %

Name HMX Al binder  median diameter
TBX-A1l 59 33 8 48.9 nm
TBX-A2 59 33 8 5.4 pum
TBX-A3 59 33 8 23.8 pm
TBX-A4 59 33 8 46.7 pm

Aluminum particles

active aluminum, %  specific surface area, m?/g

68.3 10.02
88.1 1.74
97.1 0.31
98.5 0.14

Fig. 1. SEM images of aluminized explosive granules.

Due to the effect of the van der Waals forces and
Coulomb forces [18] coupled with a binder, small-sized
aluminum particles could easily unite together. Ag-
glomeration especially occurred for nanoscale aluminum
particles, where this phenomenon was more pronounced
than that at the micron scale. Large micron-sized alu-
minum particles, even under the action of a binder, were
difficult to firmly bond to the surface of the HMX parti-

cles, in particular, in the case of TBX-A4, which looked
as if many aluminum particles were piled up together
and leaned onto a part of the HMX particles. The mix-
tures were pressed in the form of cylindrical charges,
and each charge was 100 g. The charge had a diame-
ter of 40 mm and a height of 40 mm. Before the test,
charges were fixed with a booster (8 g) and an electric
detonator.
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Fig. 2. Schematic of the explosion chamber (side
view): (1) explosive charge; (2) fiber optic sen-
sor; (3) PCB pressure gauges; (4) photoelectric con-
verter; (5) data acquisition instrument; (6) com-
puter; (7) high-speed camera.

The experiments were performed in a confined
spherical explosion chamber with a volume of 1.43 m3
schematically shown in Fig. 2. The chamber, which
had a good seal and heat preservation, was made of
steel. The chamber was provided with two flanges.
Small equipment, such as gauges and bullet-proof glass,
was installed on these flanges. In this work, a high-
speed camera was used to record the growth of the fire-
ball. The sampling frequency of the high-speed camera
was set to 7000 frames per second. Two PCB pressure
gauges and one fiber optic sensor were installed on the
other flange. The pressure signals and optical signals
during the explosion were obtained by a data acquisi-
tion instrument, whose sampling frequency was set at
1 MHz.

Before the test, air was removed from the chamber
by using a vacuum system. Then, nitrogen (99.99%),
dry air (containing 21% of oxygen), and oxygen (50%
of oxygen + 50% of dry air) were introduced, and
the pressure was kept consistent with the external
environment (1 atm). As the test system and the
vacuum system were not absolutely sealed, the max-
imum vacuum in the chamber could only reach 90%
of the atmospheric value (90 kPa). Therefore, there
were small amounts of other gases in the chamber,
such as CO5 and HO. However, the impact of these
gases on the explosion was minimal. The charge
was suspended from the center of the chamber and
detonated by an electric detonator. Three parallel
tests were performed for each formulation under the
same test conditions. It should be noted that the
laboratory was kept dark when the high-speed camera
was working to avoid interference from ambient light.
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Fig. 3. Combustion reaction of the aluminum powder.

RESULTS AND ANALYSIS

When the aluminized explosive was detonated,
chemical reactions of the components began. The alu-
minum particles were mainly oxidized to Al,O3 [16, 19],
which radiated light signals to the ambient medium.
Based on the assumption of a continuous spectrum of
condensed-phase Al;O3 [20], an optical-electrical sys-
tem was established. During the explosion, the optical
signal was transmitted to the optical-electrical system
via a PCS multicore quartz fiber optic sensor. Then, the
optical signal was split and filtered, and the wavelength
of the filter was set at 700 nm. The optical signal was
then converted to a corresponding voltage signal by a
photomultiplier tube and a photoelectric converter. Fi-
nally, the voltage signal was recorded by a data acqui-
sition instrument with a sampling frequency of 1 MHz.
The optical-electrical system was described in detail in
a previously published paper [21].

Vaporized aluminum particles escaped from the
ruptured oxide film during the explosion. The alu-
minum particles were rapidly oxidized to AloO3 when
they were exposed to oxygen and detonation products in
the environment. The oxidation reaction and the main
oxide of the aluminum particles are shown in Fig. 3. In
addition, lower oxides (AlyOs3, etc.) were also converted
to A1203.

Herein, the voltage signal corresponds to an optical
signal radiated by Al,O3. Therefore, the magnitude and
timing of the voltage are closely related to the intense
burning and duration of combustion. A typical voltage
curve U as a function of time for TBX-A2 in different
gas environments is shown in Fig. 4. It is seen that the
voltage increases rapidly with ¢, then it decreases and
finally returns to zero after a slight fluctuation above
the baseline. However, the TBX-A2 voltage peaks and
the duration of light emission are significantly different.
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Fig. 4. Typical voltage-time curves for TBX-A2 in
different gas environments.

According to the theory of afterburning reactions, it was
determined that the test results were in line with what
was expected. Therefore, the voltage-time curve U(t)
was divided into three stages denoted as I, II, and III
with their respective voltage peaks and voltage valleys.
The voltage peaks and the duration of light emission for
each stage are listed in Table 2.

Stage I was the period when the voltage increased.
Rapid mixing of the aluminum particles with the dif-
fused detonation products occurred during the explo-
sion. Oxygen in the environment was involved into the
explosion field due to the effects of turbulence, but there
was little oxygen entrapped. As shown in Fig. 4 and Ta-
ble 2, when the fiber optic sensor received the optical
signal of AlyOg, the voltages of all three rose sharply.
This fact illustrated that the aluminum particles burned
very quickly once they started to react. Moreover, the
intense burning of aluminum particles could reach the
maximum value in a short period of time. It could
also be observed that the voltage peak for Ny was the
smallest one, with a value of only 21% of that of the
O, peak. At the same time, the voltage of the former
peaked nearly 40% faster than those of the other two.
This means that the oxygen-poor environment limited
the intense burning of the aluminum particles.

Stage II was the period when the voltage decreased.
The aluminum particles were thoroughly mixed with
oxygen and detonation products due to reflection of the
blast wave. During this period, the aluminum particles
continued to burn, while they were also rapidly con-
sumed. After the majority of the aluminum particles
were oxidized by Og, the small amount remaining began
to react with CO5 and H5O. This might be the cause
of a break point in the voltage curve in the cases with
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air and Os. In the Ny environment, the voltage was
rapidly reduced due to a low oxygen content, and this
phenomenon was not present. According to Table 2,
similar to the trend of stage I, the duration of stage II
was prolonged as the oxygen content in the chamber in-
creased. Stages I and IT were the main periods in which
aluminum particles burned, and their total time could
reach hundreds of microseconds. By summing the time
of these two stages, it was found that the burning time
of the aluminum particles in air was 92.5% of that in O.
In addition, the curve for O shows that fluctuations in
voltage were recorded after stage II. This means that
the fraction of the aluminum particles that were only
oxidized in air was smaller than 92.5%. It was stated
earlier that the oxygen content in air was not sufficient
to support the complete combustion of the aluminum
particles.

Stage III was the period when the voltage oscil-
lated. After the voltage valley, the voltage in air and
O, still showed slight fluctuations. It might be that a
very small number of the aluminum particles at the edge
of the explosion field continued to burn. Another op-
tion was the oxidation reaction between the aluminum
particles and certain intermediates. At the same time,
this stage might be accompanied by a small amount of
low-level aluminum oxides (AlyO, etc.) being converted
to Al,O. Table 2 shows that stage III will continue for a
long time in an oxygen-rich atmosphere. However, the
energy released during this conversion period to Al;O
was inefficient for enhancing the explosion.

Intense burning can further increase the amount of
active aluminum particles. The voltage value reflects
the intense burning of the aluminum particles, and the
voltage peak represents the maximum value that the
energy release can reach in an instant. It is beneficial
to increase the temperature of the fireball and main-
tain the continued transmission of the blast wave. The
voltage peaks of four formulations in different gas envi-
ronments are shown in Fig. 5. As the oxygen content
in the chamber increases, the voltage peak gradually
increases. Additionally, the voltage peaks of four for-
mulations in Oy increase by more than 130% compared
to those in the air environment. It is also found that
the voltage peaks in Og are similar except for TBX-A4.
This illustrates that the energy release could immedi-
ately reach the maximum in the presence of a sufficient
oxygen concentration, which almost negates the effect of
the aluminum particle size. However, in air, this advan-
tage was more pronounced for 23.8-pym aluminum par-
ticles. TBX-A1 and TBX-A2 have lower voltage peaks,
which might also be caused by their lower content of
active aluminum. Furthermore, the peak voltage for
TBX-A4 is lower than those of the other three, indi-
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Table 2. Voltage peaks and duration of light emission

for TBX-A2 in different gas environments

Time, ms
Gas environment Voltage peak, V
Stage I  Stage II ~ Stage III  Total time
No 0.049 0.446 0.203 0.698 2.125
Air 0.104 0.565 1.413 2.082 6.631
O2 0.115 0.608 6.008 6.731 10.281
U, Vv t, us
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Fig. 5. Voltage peaks in different gas environments.

cating that the release of the combustion energy from
large-sized aluminum particles is limited. This means
that the combustion conditions of large-sized aluminum
particles are more stringent, which might be related to
their smaller specific surface area.

The duration of light emission and the oxidation
rate in different atmospheres are shown in Fig. 6. As
the combustion of the aluminum particles was mainly
concentrated at stages I and II, the time of these two
stages was summed as the duration. Furthermore, the
oxidation rate of the aluminum particles was the ratio of
their durations in the air and O9 environments. Figure 6
shows that the optical radiation signal of AloOs was
recorded in the Ny environment and lasted for hundreds
of microseconds. Even a small amount of air remaining
in the chamber could explain why some aluminum par-
ticles were oxidized with the detonation products with
the formation of Al,Os. In addition, the possibility of
aluminum particles reacting with nitrogen should also
be taken into account. By comparing the duration in
air and Oa, it is known that all four particle sizes of the
aluminum particles were not completely oxidized in the
air environment. It could be seen in Fig. 6 that the
estimated oxidation rate of the aluminum particles was
87-93%. Moreover, as the size of the aluminum par-

Fig. 6. Oxidation rate and duration of light emission
in different gas environments.

ticles increases, the oxidation rate tends to decrease.
This indicates that large aluminum particles were not
conducive to the afterburning reaction. The reason for
this difference might be that the surface of the large-
sized aluminum particles had a thicker oxide film. This
oxide film extended the heating time of the aluminum
particles, resulting in an ignition delay and a smaller
burning rate of active aluminum [22]. Taken together,
small aluminum particles (5.4 ym) were more conducive
to the afterburning reaction.

The further damage to the target by the fireball
is a form of the thermal effect of the aluminized ex-
plosive. Therefore, the duration of the fireball is an
important parameter for evaluating the explosion per-
formance. A high-speed camera was used to record the
features and global shape of the fireball to obtain the
duration. A typical fireball of TBX-A2 in air is shown in
Fig. 7. It can be clearly seen that the fireball has a dis-
tinct characteristic of light and dark regions. It should
be noted that there were minor damages to the glass
during the explosion, and these small black spots were
negligible. When the grain was detonated, the fireballs
in the visible area were all bright white light because of
HMX detonation and intense burning of the aluminum
particles. Then, as the aluminum particles were contin-
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Fig. 7.
TBX-A2 fireball in air.

Typical features and global shape of the

uously consumed, the total energy slowly decreased. In
this case, the white light in the area gradually turned
yellow, and the color gradually became darker. During
this period, a few residual aluminum particles were still
oxidized, but the effect on increasing the total energy
was very weak. After the end of the afterburning reac-
tion, the fireball quickly extinguished and disappeared.
Compared to the light emission of AloOg, the duration
of the fireball was very long and reached tens of mil-
liseconds. This meant that the high-temperature state
of the fireball could be maintained for a long time be-
cause there was a large amount of energy from the af-
terburning reaction. The heat loss of the fireball due
to heat transfer was very slow and small relative to the
total energy.

The fireball durations of the four formulations in
different gas environments are shown in Fig. 8. It is
clear that the fireball duration in the N environment
was minimal compared to that in air and oxygen, es-
pecially for TBX-A4, which lasted for only 6% of the
duration of TBX-A1l. It also shows that the oxidation
reaction of 46.7-pm aluminum particles was highly de-
pendent on oxygen. In addition, the degree of the re-
action between the large-sized aluminum particles and
detonation products was small. Comparing the dura-
tion of the fireball in air and Os, it could be seen that the
former was slightly smaller than the latter, and the alu-
minum particles were not completely burned. TBX-A1l
had the shortest duration, which might be related to the
greater burning rate of the nano-scale aluminum par-
ticles. Moreover, the low content of active aluminum
also reduced the energy contributed by the combustion
of the aluminum particles to the fireball. The dura-
tion increased first and then decreased as the particle
size increased. This means that small micron-sized alu-
minum particles could extend the duration of the fire-
ball, thereby extending the duration of the thermal ef-
fect and causing damage to the target for a longer time.

The primary pressure of the blast wave is mainly
related to the initial energy of the explosion, that is, the
energy of the detonation and the anaerobic combustion
of the aluminized explosive. During detonation, the ve-
locity of the primary blast wave was greater than that
of the fireball; thus, the primary blast wave separated
from the fireball. After that, the energy released from
the afterburning reaction no longer enhanced the ini-
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Fig. 8. Fireball duration in different gas environments.

tial energy. It is well known that it is very difficult to
measure the initial energy of an explosion. Therefore,
this paper attempts to use the time difference between
sensing the initial light and pressure wave arrival as a
new method to describe the initial energy. During the
explosion, the fiber optic sensor and the pressure sensor
receive the corresponding signals, and there is a time
difference between the light and pressure.

After the charge suspended at the center of the
chamber was detonated, the blast wave expanded and
spread outward. At the same time, or perhaps even
earlier, the aluminum particles were oxidized to Al;Og3
and radiated light. In this chamber with a radius of
700 mm, the time it took for the optical signal to travel
from the center to the fiber optic sensor was almost neg-
ligible. In comparison to the light, the propagation time
of the blast wave in the gas mixture became very long.
Therefore, when the fiber optic sensor received an opti-
cal signal, the primary blast wave was still propagating
outward. The time difference between the optical sig-
nal and blast wave arrival could be approximated as the
propagation time of the primary blast wave in the ex-
plosion field. However, the time difference was small,
and it was inversely proportional to the initial energy.

The positions of the sensors were not changed dur-
ing the test. Additionally, the changes in the medium of
the explosion field were ignored. The light and pressure
signals of each formulation in air are shown in Fig. 9,
which illustrates that the time difference could reach up
to hundreds of microseconds. Figure 10 shows the time
difference in different gas environments, which tends
to decrease with increasing oxygen content. This pa-
per assumed that the afterburning reaction was lagging.
Then, in the case where only the detonation provided
energy, the time difference of each charge in the same
gas environment should be approximately equal. Obvi-
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Fig. 9. Light and pressure signals of each formulation in air.

ously, it does not match the information given in Fig. 10.
The results show that some of the aluminum particles
were oxidized during the detonation and provided ad-
ditional energy to the primary blast wave. Then, the
velocity of the primary blast wave in the medium was
changed, thereby affecting the time difference. Thus,
the time difference first decreases and then increases as
the size of the aluminum particles increases.

Figure 9 shows that the time difference for TBX-A2
in air was the smallest (432 us), while that of TBX-A1
was the largest (524 us), which was 121% of that of the
former. According to the energy conservation law, the
energy has a linear relationship with the squared veloc-
ity. Thus, it could be estimated that the initial energy
of TBX-A2 was 11% higher than that of TBX-A1l. The
reliability of this estimate requires further verification
because the amount of the aluminum particles partici-
pating in the oxidation reaction during the detonation
is difficult to determine. In this case, however, a trend
could still be extracted: small micron-sized aluminum
particles have the advantage for increasing the initial
energy.

The effect of the blast wave on the damage to the
target is obvious, and the overpressure peak is an im-
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Fig. 10. Time difference between sensing the initial
light and the pressure wave in different gas environments.

portant parameter reflecting the explosion performance.
The overpressure peaks of the four formulations in dif-
ferent gas environments are shown in Fig. 11. Although
there were deviations in the measurement of pressure,
some information could be extracted. Comparing the
overpressure peaks in air and in Ny, the former was
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Fig. 11. Overpressure peaks of the examined ex-

plosive formulations in different gas environments.

significantly larger than the latter. This indicated that
the aluminum particles contributed to the enhancement
of the primary pressure. As the oxygen content in the
chamber increased, the overpressure peaks showed an
increasing trend. However, except for TBX-A4, the
trend was not obvious. This was probably because
the oxidation reaction of the aluminum particles was
close to saturation. The TBX-A4 charge with large-
sized aluminum particles appeared to have a greater
need for oxygen. In general, the overpressure peaks
of TBX-A1, TBX-A3, and TBX-A4 were similar and
lower than that of TBX-A2. It shows that the advan-
tage of nano-aluminum was interrupted and reduced by
the low content of active aluminum. This meant that
5.4-pm aluminum particles had the advantage for in-
creasing the primary pressure.

In this paper, the total energy of the explosion is
analyzed by the total impulse of the blast wave in a cer-
tain period. The attenuation of the total energy is pri-
marily related to the chemical reaction and heat trans-
fer. By using the same chamber, this paper assumes
that the heat transfer and other heat losses for charges
with equal masses during the explosion are the same.
Thus, the attenuation of the total energy can be sim-
plified to be related only to the afterburning reaction.

The total impulse I;ota1 of the four kinds of charges
in different gas environments is shown in Fig. 12. It is
seen that the total impulse in nitrogen was lower than
the other impulses, indicating that the energy released
by the reaction of the detonation product with the alu-
minum particles in the oxygen-poor environment was
small. If the oxygen content in the explosion field was
sufficient, the afterburning reaction released as much
energy as possible to maintain the continued propaga-
tion of the blast wave. It follows from the results of
the total impulse in air and oxygen that the total im-
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Fig. 12. Total impulse in different gas environments.

pulse tended to increase first and then to decrease as the
size of the aluminum particles increased. Compared to
nano-aluminum, micron-sized aluminum particles with
a higher content of active aluminum produced a signifi-
cant effect on increasing their total impulse. Thus, the
afterburning reaction provided an increase in additional
energy for the explosion. This meant that small micron-
sized aluminum particles more easily escaped from the
oxide film and were oxidized or that the aluminum par-
ticles were more likely to be thrown into an oxygen-rich
environment, thereby increasing the rate of combustion.
The present study shows that comprehensive consider-
ation of the particle size and the content of active alu-
minum can enhance the energy of aluminized explosives.

CONCLUSIONS

Based on the confined explosion of aluminized ex-
plosives in this study, it was found that the particle size
and oxygen content play an important role in the after-
burning reaction and explosion performance. After the
analysis, the following conclusions were drawn.

1. The oxygen content in air is not sufficient to
support the complete oxidation of aluminum particles.
The estimated oxidation rate of aluminum particles
is 87-93%, and the experimental values are actually
smaller than this estimate. As the size of aluminum
particles increases, the oxidation rate tends to decrease.

2. An oxygen-poor environment limits the intense
burning of aluminum particles. Some of the aluminum
particles oxidize with the detonation products to form
Al;O3, and the reaction lasts for hundreds of microsec-
onds. In addition, the degree of oxidation of large-
sized aluminum particles with the detonation products
is small.
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3. Estimating the initial energy of the explosion
by sensing the time difference between the initial light
and the pressure wave is a feasible new method. This
method led to a conclusion that some of the aluminum
particles are oxidized during the detonation and provide
additional energy to the primary blast wave.

4. Fireballs last up to tens of milliseconds.
Small micron-sized aluminum particles in the range of
48.9 nm—46.7 pum extend the fireball duration. More-
over, it has a certain effect that promotes enhancement
of the initial energy, overpressure peak, and total im-
pulse.

The authors are thankful to Kun Chen, Mingfu
Yang, and Hongwei Li for helping with the explosion
tests in this work. Additional thanks to Xiaowen Hong
for helping with the revision of this paper. The exper-
imental instruments and equipment are also described
in another paper to be published (External Review).

REFERENCES

1. J. R. Carney, J. M. Lightstone, T. P. McGrath II, and
R. J. Lee, “Fuel-Rich Explosive Energy Release: Ox-
idizer Concentration Dependence,” Propell., Explos.,
Pyrotech. 34 (4), 331-339 (2009).

2. K. L. McNesby, B. E. Homan, J. J. Ritter, et al., “Af-
terburn Ignition Delay and Shock Augmentation in Fuel
Rich Solid Explosives,” Propell., Explos., Pyrotech. 35,
57-65 (2010).

3. W. A. Trzciniski and J. Paszula, “Confined Explosions of
High Explosives,” J. Tech. Phys. 41 (4), 453-470 (2000).

4. P. P. Vadhe, R. B. Pawar, R. K. Sinha, et al., “Cast
Aluminized Explosives (Review),” Fiz. Goreniya Vzryva
44 (4), 98-115 (2008) [Combust., Expl., Shock Waves 44
(4), 461-477 (2008)].

5. P. J. Haskins, M. D. Cook, and R. I. Briggs, “The Ef-
fect of Additives on the Detonation Characteristics of
a Liquid Explosive,” in Proc. 12th APS Topical Group
Meeting on Shock Compression of Condensed Matter,
Atlanta, 2001, pp. 890-893.

6. M. A. Trunov, M. Schoenitz, X. Y. Zhu, and
E. L. Dreizin, “Effect of Polymorphic Phase Transforma-
tions in AlO3 Film on Oxidation Kinetics of Aluminum
Powders,” Combust. Flame 140, 310-318 (2005).

7. V. I. Levitas, “Burn Time of Aluminum Nanoparticles:
Strong Effect of the Heating Rate and Melt-Dispersion
Mechanism,” Combust. Flame 156 (2), 543-546 (2009).

8. J. M. Peuker, H. Krier, and N. Glumac, “Particle Size
and Gas Environment Effects on Blast and Overpressure
Enhancement in Aluminized Explosives,” Proc. Com-
bust. Inst. 34, 2205-2212 (2013).

231

9. W. K. Lewis, C. G. Rumchik, P. B. Broughton, and
C. M. Lindsay, “Time-Resolved Spectroscopic Studies of
Aluminized Explosives: Chemical Dynamics and Appar-
ent Temperatures,” J. Appl. Phys. 111, 014903 (2012).

10. V. Tanguay, S. Goroshin, A. J. Higgins, and F. Zhang,
“Aluminum Particle Combustion in High-Speed Deto-
nation Products,” Combust. Sci. Technol. 181, 670693
(2009).

11. T. Bazyn, H. Krier, and N. Glumac, “Evidence for the
Transition from the Diffusion-Limit in Aluminum Par-
ticle Combustion,” Proc. Combust. Inst. 31, 2021-2028
(2007).

12. K. Park, D. Lee, A. Rai, et al., “Size-Resolved Ki-
netic Measurements of Aluminum Nanoparticle Oxida-
tion with Single Particle Mass Spectrometry,” Phys.
Chem. B 109, 7290-7299 (2005).

13. W. A. Trzcinski, S. Cudzilo, J. Paszula, and J. Call-
away, “Study of the Effect of Additive Particle Size
on Non-Ideal Explosive Performance,” Propell., Explos.,
Pyrotech. 33 (3), 227-235 (2008).

14. L. Maiz, W. A. Trzcinski, and J. Paszula, “Investigation
of Fireball Temperatures in Confined Thermobaric Ex-
plosions,” Propell., Explos., Pyrotech. 42 (2), 142-148
(2017).

15. K. Chen, W. Xiao, Z. W. Han, et al., “Effect of
Aluminum Particle Size on the Explosion Parame-
ters of HMX-Based Thermobaric Explosives in Con-
fined Space,” Chin. J. Explos. Propell. (2020); DOI:
10.14077/j.issn.1007-7812.201909018.

16. L. Maiz, W. A. Trzciiski, M. Szala, and J. Paszula,
“Studies of Confined Explosions of Composite Explo-
sives and Layered Charges,” Cent. Eur. J. Energ. Mater.
13, 957-977 (2016).

17. L. Maiz, W. A. Trzciiski, and M. Szala, “Preparation
and Testing of Thermobaric Composites,” in Proc. 18th
Seminar on New Trends in Research of Energetic Ma-
terials (Pardubice, Czech Republic, 2015), pp. 705-715.

18. A. Rai, K. Park, L. Zhou, and M. R. Zachariah, “Un-
derstanding the Mechanism of Aluminum Nanoparticle
Oxidation,” Combust. Theory Modell. 10 (5), 843-859
(2006).

19. W. A. Trzcinski, K. Barcz, J. Paszula, and S. Cudzilo,
“Investigation of Blast Performance and Solid Residues
for Layered Thermobaric Charges,” Propell., Explos.,
Pyrotech. 39, 40-50 (2014).

20. S. Goroshin, J. Mamen, A. Higgins, et al.,
sion Spectroscopy of Flame Fronts in Aluminum Sus-
pensions,” Proc. Combust. Inst. 31, 2011-2019 (2007).

21. J. B. Deng, Study of the Damage Effects of Four Ther-
mobaric Ezplosives (Nanjing University of Science &
Technology, 2013) [In chinese].

22. N. H. Yen and L. Y. Wang, “Reactive Metals in Explo-
sives,” Propell., Explos., Pyrotech. 37, 143-155 (2012).

“Emis-




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


