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Abstract: Glycidyl azide polymer (GAP)-coated sub-micron aluminum (sub-mAl@GAP) particles
exhibit higher heat release than their uncoated counterparts under low heating rates. However,
their application in explosives has been hindered due to a lack of understanding of their energy
release characteristics under heating rates of detonation levels. To address this problem, the energy
release performances of sub-mAl@GAP particles under ultrafast heating rates stimulated by an
electric explosion of wire and high-energy laser were studied. The results showed that the reaction of
sub-mAl@GAP particles was more violent than that of an uncoated counterpart under an electric
explosion stimulus. Additionally, the reaction time of the former was 0.4 ms shorter than that of
the latter. In addition, the propagations of shock waves of the sub-mAl@GAP and sub-mAl were
analyzed. The propagation distances of shock waves of the sub-mAl@GAP were all longer than
those of sub-mAl under laser fluences of 0.5 J/cm2, 1.2 J/cm2, and 2.4 J/cm2. The distance difference
gradually increased with the decrease in the laser fluence. Under a laser fluence of 0.5 J/cm2, the
velocity and distance differences of the sub-mAl@GAP and sub-mAl were both the largest due to
the energy contribution from the GAP. In conclusion, the fast decomposition rate of the GAP and its
energy contribution would benefit the energy release of sub-mAl under ultrafast heating rates.

Keywords: explosives; electric explosion; energy release; laser stimulus; glycidyl azide polymer

1. Introduction

An aluminum (Al) particle is one of the most widely used metals in the energetic
fields such as batteries, hydrogen energy, propellants, and explosives [1–5]. Studies on
the reaction behavior of Al particles have attracted numerous attention over the last few
decades [6–10]. The high energy density of Al particles is the key factor, and they are
employed in the energetic fields. However, the energy release behavior of Al particles
can be impacted by their physical property (shape, size, and the state of the oxide shell),
heating stimuli, and the state of the oxidant. Particularly, the energy release rate of Al
particles will significantly influence the energy release efficiency and the blast effects of the
explosive composites.

Unlike the steady combustion state of the propellant, the atmosphere in the post-
detonation area is more complicated and raises a higher challenge for the study of Al
reaction. The temperature of detonation products could rise to 2000~4000 K in nanoseconds
when an explosive is detonated. Additionally, the detonation pressure is also elevated to
tens of GPa at the same time [11]. The reaction mechanisms of the metals will be totally
changed under such a complex thermodynamic environment [12,13]. To date, there is
still an unsolved and interesting mystery that challenges all researchers: what interaction
happens between Al particles and the detonation products in the post-detonation area?
Based on the detonation characteristics of aluminized explosives, an empirical theory for
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the reaction of Al particles has been built on the detonation model of ideal explosives.
According to this theory, the reaction of the Al particle does not happen until the expansion
of detonation products, which results in a long sequential reaction zone [14–16]. Therefore,
aluminized explosives will produce more detonation heat but smaller detonation velocity
than explosives without Al particles.

However, recent studies showed that sub-micron Al (sub-mAl) particles could take
part in the reaction in the Chapman–Jouguet plane and result in a higher detonation
pressure. Zhang et al. [17] employed an explosive device of a long pipeline to study the
detonation pressure of the sub-micron aluminized explosives. The results showed that
the detonation pressure of sub-micron-aluminized explosives was 3~4 times as much as
that of micron-aluminized explosives. Additionally, Hu et al. [7] found that around 80%
of sub-mAl particles could react in the detonation zone, and the peak pressure of the
shock wave of sub-micron aluminized CL-20 (hexanitrohexaazaisowurtzitane) explosives
was significantly higher than that of micron-aluminized CL-20 explosives. In addition,
Elbasuney et al. [18] compared the detonation properties of TNT (2,4,6-trinitrotoluene)
explosives containing sub-mAl particles and mAl particles. The workability of TNT was
elevated by 48% by sub-mAl and only 17% by mAl. They also found that TNT explosives
containing sub-mAl particles could not only decrease the critical detonation diameter of
TNT but also increase the detonation velocity by 680 m/s.

The oxidation of Al particles would be severer when their size reduces to a sub-
micron scale, which will harm their active content after long-term storage. To protect the
active content of sub-mAl particles, organic polymers, metals, and carbon materials are
employed to coat their surface. Among them, polymers could achieve intact cover due to
good flexibility and good mechanical properties. More recently, energetic polymers have
attracted considerable attention due to their high energetic property and good compatibility
with explosives. The glycidyl azide polymer (GAP) is a new kind of energetic binder and
has higher energy density than nitrocellulose (NC). Zeng et al. [19] employed the GAP to
coat the surface of Al particles. They found that the stability and flowability of the resulting
Al particles were greatly improved, and the particles showed good compatibility with the
LLM-105 [20]. Lima et al. [21] grafted a GAP on the surface of Al particles, and combustion
tests showed that the combustion of Al particles would be more complete and a higher
combustion heat would be acquired with the help of a GAP. Our previous work proved that
a GAP coating could improve the hydrophobicity of Al particles and increase the stability
in long-term storage [22].

To date, studies on the GAP-coated sub-mAl particles have been limited by their
combustion performance under slow heating rates (~1000 ◦C/s). Their combustion perfor-
mances under heating rates of a detonation level (~1010 ◦C/s) have not yet been well un-
derstood. In this work, we used solid laser and electric explosion strategies to achieve high
heating rates. The energy release performance of GAP-coated sub-mAl (sub-mAl@GAP)
particles was thoroughly studied. The duration of the laser pulse was 6 ns. The energy
fluence of each pulse was over one billion W/cm2. The plasma of thousands of Kelvins will
be excited when the laser irradiates on the surface of materials (energetic or inert) [23,24].
Consequently, shock waves will be induced and propagate radically forward. The propa-
gation velocity of the shock wave is dependent on the energy released from the materials.
Therefore, it is a feasible strategy to evaluate the energy release of fuel particles and their
mixtures with polymers at the detonation and post-detonation timescales [24–26]. The
energy release process of the electrical explosion can be completed on the nanosecond scale,
and the peak temperature of the metal plasma after the electric explosion can reach up to
105 ◦C by changing the circuit and wire parameters [27,28]. The heating rate of the electric
explosion is comparable to that of the detonation process. Based on the above principle, the
rapid heating process has been realized by the electric explosion of metal wire technology,
and the thermal response behaviors of sub-mAl@GAP particles under high heating rates
were investigated.
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2. Experimental
2.1. Materials and Characterizations

The sub-mAl@GAP particles with 16.7 wt.% of the GAP were manufactured by
the in situ coating strategy, and detailed procedures are described in Section SI.1 in the
Supplementary Materials. Additionally, the physical and chemical properties of the Al
and GAP were listed in Table S1 in the Supplementary Materials. The morphology of
the sub-mAl@GAP particles was observed by a transmission electron microscope (TEM,
Tecnai G2 F20, FEI Co., Hillsboro, OR, USA). The thermodynamic studies of the samples
were characterized by means of differential scanning calorimetry (DSC) using a thermal
analyzer (STA 449 F3, NETZSCH, Co., Selb, Germany) under an airflow of 50 mL/min. The
tests were carried out in Al2O3 crucibles with pinhole covers at heating rates of 5 ◦C/min,
10 ◦C/min, and 20 ◦C/min. As a comparison, the uncoated sub-mAl particles were also
characterized under the same conditions.

2.2. Combustion Characterization of the Sub-mAl@GAP Stimulated by an Electric Explosion

Figure 1 presents a schematic diagram and corresponding photo of the experimental
device of an electric explosion. For each test, 0.500 ± 0.003 g of samples were loaded into
a low-density polyethylene mold with a length of 40.00 mm and an inner diameter of
7.00 mm. The diameter of the Al wire was 0.30 mm, which was placed in the center of the
sample cylinder. The Al wire is supplied with an external energy storage capacitor with a
capacity of 0.4 µF and a voltage of 22 kV, and the power supply circuit is shown in Figure 2.
The inside pressure of the reaction chamber was controlled by a pressure transmitter. The
reaction process was recorded by a high-speed camera (CP70-1HS-M-1900, Optronis, Kehl,
Germany) at a rate of 10,000 fps. The exposure time of each frame of the photo was set to
0.1 ms. As a comparison, the uncoated sub-mAl particles were also characterized under
the same conditions.
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Figure 2. A schematic diagram of the power supply circuit for the electric explosion experiment (1 is
the high-voltage power supply; 2 is the resistance of the circuit; 3 is the capacitance; 4 is the switch;
5 is the discharge electrode).

In the detonation environment, the detonation products participating in the oxidation
reaction of Al particles are in the form of fully heated gaseous products. Under such high
temperatures, the gaseous products will be ionized, which is significantly different from
the ordinary surrounding air molecules under slow heating conditions. To simulate the
detonation environment, the presence of high-temperature gas products is necessary. An
ammonium oxalate molecule ((NH4)2C2O4) is like an explosive molecule that contains four
elements: C, H, O, and N. The thermal decomposition formula of ammonium oxalate is
shown in Equation (1), in which decomposition products are very close to the composition
of explosive detonation products in Equations (2)–(4). In the equations, RDX and HMX refer
to hexogen and octogen, respectively. In addition, the thermal decomposition temperature
of ammonium oxalate is only 95 ◦C, and it can quickly decompose and produce numerous
high-temperature ion fragments under the impact of high energy from an electric explosion.
For each test, the sample was mixed with ammonium oxalate at a mass proportion of 2:3.

Ammonium oxalate : (NH4)2C2O4 → CO ↑ +CO2 ↑ +3H2O ↑ +2NH3 ↑; (1)

RDX : C3H6N6O6 → 3CO ↑ +3H2O ↑ +3N2 ↑; (2)

TNT : C7H5N3O6 → 3.5CO ↑ +2.5H2O ↑ +1.5N2 ↑ +3.5C; (3)

HMX : C4H8N8O8 → 4CO ↑ +4H2O ↑ +4N2 ↑ . (4)

2.3. Combustion Characterization of the Sub-mAl@GAP Stimulated by a Laser

The combustion characterization of the sub-mAl@GAP stimulated by a laser was
achieved by a Schlieren system [29]. An Nd:YAG laser (1064 nm, InnoLas Laser, Krailling,
Germany) was used to initiate the reaction of sub-mAl@GAP particles. The pulse duration
of the laser was 6 ns. The diameter of the laser beam was 6 mm. The laser fluence
was determined by the measured pulse energy and the spot diameter. A flash lamp
system (JML-C2, Rapp OptoElectronic, Wedel, Germany) served as the background light
for the Schlieren system. A 75 mm lens was used in the Schlieren system to detect the
density change in the reaction field. A high-speed camera (SIMD8, Specialized Imaging
Ltd., Pitstone, UK) was employed to record the propagation history of the laser-induced
shock wave. The shooting rate was 952,381 fps with a duration of 50 ns for each frame.
The system was triggered by a pulse generator (DG535, Stanford Research Systems, Inc.,
Sunnyvale, CA, USA) under the precise time delay measured by an oscilloscope (DPO7104,
Tektronix, Beaverton, OR, USA). The time jitter for the delay system was within 2 ns.
The energy output of the laser was measured by an energy meter (J-50MB-YAG, Coherent,
Saxonburg, PA, USA). Three different laser fluences, i.e., 2.4 J/cm2, 1.2 J/cm2, and 0.5 J/cm2,
were applied to the samples to better understand their performances. For each test, the



Metals 2024, 14, 786 5 of 15

sample adhered to the mold surface by a dual adhesive tape. Each sample was tested
three times under the same condition. The experiment setup is shown in Figure S1 in
the Supplementary Materials. As a comparison, uncoated sub-mAl particles were also
characterized under the same conditions.

3. Results and Discussion
3.1. Morphological Characterizations of Sub-mAl@GAP Particles

The morphologies of sub-mAl@GAP particles characterized by TEM are shown in
Figure 3a,b, in which Figure 3b is the partially enlarged image of Figure 3a. To make a
comparison, the morphologies of sub-mAl particles were also characterized by TEM. The
results are displayed in Figure 3c,d. Figure 3d is the partially enlarged image of Figure 3c.
It could be learned from Figure 3a that sub-mAl@GAP particles were in the shape of a
sphere with a diameter smaller than 200 nm. There was no significant increment in particle
size after coating when comparing them with the size of the sub-mAl particles in Figure 3c.
It could be seen in the enlarged image of Figure 3b that there were two layers outside the
Al particles. Additionally, the inner layer was much thinner than the outside layer. The
outside layer was much more transparent than the inner layer. According to the observation
principle of the TEM, the transparency of a material was determined by its thickness and
atomic number. The number of Al atoms was larger than those of atoms composed of
the GAP. Additionally, by comparing them with the layers of the sub-mAl particles in
Figure 3d, it could be identified that the inside layer was the inherent aluminum oxide. In
addition, the oxide layer of the sub-mAl@GAP particles was relatively thinner than the
GAP layer, indicating effective protection of active Al.
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3.2. Thermal Reaction Kinetics of the Sub-mAl@GAP

To understand the reaction kinetics of the sub-mAl@GAP, both thermographs of the
sub-mAl@GAP, GAP, and sub-mAl at different heating rates were studied, and the cor-
responding DSC curves are shown in Figure 4. Figure 4a,c present the DSC curves of
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the sub-mAl@GAP in the ranges of 100 ◦C to 400 ◦C and 510 ◦C to 650 ◦C. It could be
learned from Figure 4a,b that the exothermic peak temperatures (Tp) of the sub-mAl@GAP
(Figure 4a) were 242.2 ◦C, 251.9 ◦C, and 262.3 ◦C at heating rates of 5 ◦C/min, 10 ◦C/min,
and 20 ◦C/min, which were ~2 ◦C lower than those of the GAP (Figure 4b), indicating a
change in the reactivity of the GAP. To quantitively study the interaction between sub-mAl
and the GAP, the activation energy (Ea) of the sub-mAl@GAP and GAP were calculated by
the Kissinger method [30] and Ozawa method [31] based on the Tp and their corresponding
heating rates (β) in Figure 4. Table 1 lists the kinetic parameters of the exothermic reaction
of the sub-mAl@GAP and GAP. The Ea of the sub-mAl@GAP acquired by the Kissinger
method and Ozawa method were 149.48 kJ/mol and 150.46 kJ/mol, respectively. Mean-
while, those of the GAP were 174.25 kJ/mol and 174.00 kJ/mol. The fitting coefficients
for both samples were above 0.9846, indicating good fitting results. The results showed
that the Ea of the sub-mAl@GAP at this stage was significantly lower than that of the GAP.
The difference between them was as large as 24.77 kJ/mol with respect to the results of the
Kissinger method. In conclusion, the decomposition of the GAP proceeded more easily
under the influence of sub-mAl.
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5 ◦C/min, 10 ◦C/min, and 20 ◦C/min. (Temperature range: a, 100~400 ◦C; c, 510~650 ◦C.).
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Table 1. Kinetic parameters of the exothermic reaction of the sub-mAl@GAP, GAP, and sub-mAl.

Samples Kissinger Method Ozawa Method
Ea/(kJ/mol) lg(A/s−1) R Ea/(kJ/mol) R

sub-mAl@GAP a 149.48 12.90 0.999959 150.46 0.999951
GAP 174.25 15.40 0.986003 174.00 0.984634

sub-mAl@GAP c 442.74 25.17 0.982194 434.50 0.981083
sub-mAl 458.02 25.57 0.963496 449.28 0.961308

Note: a and c, respectively, stand for the cases in Figure 4a,c.

In addition, the Tp of the oxidation of the sub-mAl@GAP (Figure 4c) were 570.9 ◦C,
582.6 ◦C, and 588.6 ◦C, which were lower than the Tp of sub-mAl (Figure 4d) at correspond-
ing heating rates. The decreases in the Tp were 16.4 ◦C, 17.3 ◦C, and 15.8 ◦C under heating
rates of 5 ◦C/min, 10 ◦C/min, and 20 ◦C/min, respectively. Furthermore, the Ea of the
sub-mAl@GAP acquired by Kissinger method and Ozawa method were 442.74 kJ/mol
and 434.50 kJ/mol. On the contrary, the Ea of sub-mAl acquired by the Kissinger method
and Ozawa method were 15.28 kJ/mol and 14.78 kJ/mol higher than those of the sub-
mAl@GAP, respectively. It could be concluded that the GAP coating could significantly
decrease the activation energy of sub-mAl oxidation and facilitate the oxidation process.

3.3. Reaction Performance of the Sub-mAl@GAP Stimulated by an Electric Explosion

Figure 5 presents high-speed photographs of the combustion processes of the sub-
mAl@GAP and sub-mAl particles under a heating stimulus of an electric explosion. After
the electric explosion, the temperature of the Al wire would reach a point higher than
the boiling point of alumina (2980 ◦C). Consequently, the Al wire would be ionized. The
sample was rapidly heated. Under such conditions, the ammonium oxalate decomposed
into high-temperature ion fragments. Meanwhile, there was still energy left from the
electric explosion after initiating the reaction of sub-mAl particles. Therefore, the shining
light in the photo was contributed by three parts: Al plasma from the electric explosion, ion
fragments of ammonium oxalate, and the combustion flame of Al. Although bright light
was emitted by both the sub-mAl and sub-mAl@GAP particles, the shape of the light was
significantly different from each other. The light irradiation from sub-mAl was uniformly
distributed along the axial direction. However, that from the sub-mAl@GAP was radially
irradiated. It indicated the reaction of sub-mAl@GAP particles was much more violent
than that of sub-mAl particles due to the immediate release of active Al particles after
the decomposition of the GAP. Therefore, the reaction of Al was initiated much earlier
and led to a higher heat release. This could also be proven by the fact that it only took
sub-mAl@GAP particles 1.8 ms to finish the reaction; on the contrary, the reaction time
of sub-mAl was much longer (2.2 ms). Meanwhile, the light emitted from the reaction of
sub-mAl@GAP particles was much brighter than that of sub-mAl particles at the same time,
indicating an improvement in the reaction rate of sub-mAl particles owing to the help of
GAP coating.

3.4. Energy Release of the Sub-mAl@GAP Stimulated by a Laser
3.4.1. Influence of the Laser Fluence on the Energy Release of the Sub-mAl@GAP

To study the influence of the laser fluence on the propagation process of laser-induced
shock waves of the sub-mAl@GAP, the propagation processes of shock waves under three
characteristic laser fluences of 2.4 J/cm2, 1.2 J/cm2, and 0.5 J/cm2 were measured, and
the results are shown in Figure 6. The propagation distance of the shock wave increased
with the increase in the laser fluence. Meanwhile, the propagation differences between
shock waves under stimuli of adjacent laser fluences gradually increased with time. In
the beginning, the distance difference between shock waves induced by laser fluences of
0.5 J/cm2 and 1.2 J/cm2 was 0.4 mm, and those induced by laser fluences of 1.2 J/cm2 and
2.4 J/cm2 was 0.3 mm. The former difference was larger than the latter difference. With
time increased to 12.35 µs, the distance difference became 1.5 mm and 1.6 mm, which were
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3.8 and 5.3 times as large as those in the beginning, respectively. The former difference was
lower than the latter difference. The situation was completely inverted to the opposite. It
reflected the laser energy absorbed in the plasma or stored in the vapor played a major role
in the early stage of the shock wave propagation. Therefore, the higher the laser fluence,
the farther the propagation distance of the initial shock wave. The energy stored behind
the shock wave front was simply the heat generated by laser interactions with the materials
when the laser fluence was lower than the critical ablation threshold (1.2 J/cm2) of sub-mAl.
Al vapor would be ionized if the laser fluence was higher than 1.2 J/cm2, which would
result in more laser energy absorption by the plasma. Therefore, the energy stored in the
vapor was significantly elevated when the laser fluence reached 1.2 J/cm2. Consequently, in
the beginning, the distance difference of shock waves induced by 1.2 J/cm2 and 2.4 J/cm2

was smaller than that induced by 1.2 J/cm2 and 0.5 J/cm2. The energy supported the
subsequent propagation of the shock wave was mainly laser energy stored in the plasma
for the situation with 2.4 J/cm2, reaction energy of the sub-mAl@GAP for the case of
0.5 J/cm2, and laser energy in the beginning and reaction energy taking charge later for the
phenomenon of 1.2 J/cm2. This led to the propagation difference between 1.2 J/cm2 and
2.4 J/cm2, which gradually increased and eventually exceeded that between 0.5 J/cm2 and
1.2 J/cm2.
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Figure 6. Variation of the propagation distances of sub-mAl@GAP shock waves with time under
different laser fluences.

According to the research by McKay and Nánai [32,33], the propagation distance
(s(t)) of a shock wave is exponentially related to time (t), as depicted in Equation (5). The
propagation distance of shock waves of the sub-mAl@GAP varied with time under three
different laser fluences, which were fitted according to this theory, and the fitting curves
are also plotted in Figure 7. The corresponding fitting parameters are listed in Table 2.

s(t) = s0 + atb (5)
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Table 2. Fitting parameters related to the time-dependent propagation distance of the shock wave.

Laser Fluence/(J/cm2) s0 a b R

2.4 −0.3374 2.62381 0.5806 0.99904
1.2 0.05504 1.90184 0.6333 0.99962
0.5 −0.07697 1.62728 0.6319 0.99937

In the equation, s(t) is the propagation distance of the shock wave front, mm; t is the
propagation time, µs; and s0, a, and b are parameters that need to be determined based on
specific situations. It could be concluded from Table 2 that the exponents (b) were 0.5806,
0.6333, and 0.6319 for the cases with laser fluences of 2.4 J/cm2, 1.2 J/cm2, and 0.5 J/cm2.
The correlation coefficients were all above 0.999, indicating that the fitting results were
consistent with the theory of McKay and Nánai [32,33].

3.4.2. Influence of the GAP on the Energy Release of the Sub-mAl@GAP

To make a comparison, the variation difference of propagation distances of the shock
waves of the sub-mAl@GAP and sub-mAl over time under three laser fluences were
analyzed, and the results are shown in Figure 7. It could be concluded that the propagation
distances of the shock waves for both samples increased with the increase in the laser
fluence over the period. Additionally, the propagation distance of the shock wave from
the sub-mAl@GAP was longer than that from sub-mAl under the same laser fluence, and
the difference gradually increased over time. In the case of a laser fluence of 2.4 J/cm2,
the traveling difference of the shock wave increased from 0.4 mm at 1.93 µs to 1.2 mm
at 12.35 µs. The difference under a laser fluence of 1.2 J/cm2 elevated 0.9 mm over the
same period. In addition, the greatest distance difference at 1.93 µs was achieved under
0.5 J/cm2. The propagation distance of the sub-mAl@GAP was 0.6 mm longer than that of
sub-mAl. The reason for such a big difference could be explained by the Schlieren results
in Figure 8.
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.

Figure 8 provides the Schlieren picture of shock wave propagation of sub-mAl@GAP
and sub-mAl under laser fluences of 0.5 J/cm2. At 1.93 µs, the gas density behind the shock
wave front of the sub-mAl@GAP was significantly higher than that of sub-mAl, indicating
the generation of gaseous products from the sub-mAl@GAP. The gaseous products are
ejected toward the laser direction, as indicated by the red dashed arrow. The amount of
pure Al vapor was not high under this laser energy density according to the Schlieren
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picture of sub-mAl in Figure 8. Therefore, the gaseous products generated from the sub-
mAl@GAP were the combined results of Al vapor and decomposition products of the
GAP. The decomposition temperature of the GAP was far lower than the melting point
of Al (Table S1). As a result, the GAP could achieve complete decomposition as the
temperature of Al underwent melting and vaporization. Meanwhile, a large number of
gaseous products and heat would be produced during decomposition, which significantly
assisted the development of shock waves. The concentration of gas from the sub-mAl@GAP
(in the red circle area) remained at a high level until 4.03 µs, and that of sub-mAl had already
decreased. Under such conditions, the pressure behind the shock wave front of the sub-
mAl@GAP was significantly higher than that of sub-mAl. Hence, the propagation velocity
of the former was higher than that of the latter. Therefore, there was a remarkable difference
in the propagation distances of shock waves between sub-the mAl@GAP and sub-mAl over
the early period. Under a higher laser fluence, the difference in the propagation distance
between them was reduced. This was because the amount of Al vapor induced by the high
laser fluence was enough to support the following propagation of the shock wave. As a
result, the additional assistance effect from the GAP was not that noticeable anymore.

The propagation velocity of the shock wave could be determined by the energy release
rate of the particles. Therefore, the level of energy supply to the shock wave could be
evaluated by measuring the propagation velocity of the shock wave [34]. The relationship
of the propagation velocity u(t) and time (t) could be obtained by differentiating s(t) with
respect to t, as shown in Equation (6).

u(t) = abtb−1 (6)

In the equation, u(t) is the propagation velocity of the shock wave front, mm/µs.
Based on the fitting parameters in Table 2 and Equation (6), the variations of prop-

agation velocities of shock waves of the sub-mAl@GAP with time under different laser
fluences could be acquired, as shown in Figure 9a. According to Figure 9a, the propaga-
tion velocities of the shock waves increased with the increase in the laser fluence. The
initial propagation velocities of shock waves from the sub-mAl@GAP were 1.6 mm/µs,
1.3 mm/µs, and 1.1 mm/µs under laser fluences of 2.4 J/cm2, 1.2 J/cm2, and 0.5 J/cm2,
respectively. The propagation velocities of the shock waves decreased over time, which
could be divided into three stages based on the slope of the curve and Schlieren images.
The first stage ranged from 0.88 µs to 2.98 µs, during which period the thermal energy
stored in plasma/vapor was converted into kinetic energy. With the generation and propa-
gation of shock waves, energy was quickly consumed, which led to an immediate loss in
the propagation velocity. The second stage ranged from 2.98 µs to 7.18 µs, during which
stage the velocity of the shock wave descended at a slower rate than before. This was
because the released energy from the chemical reaction of the sub-mAl@GAP replenished
the energy supporting the shock wave, which slowed down the temperature drop in the
sub-mAl@GAP plasma [35]. At the beginning of the last stage, the velocity differences
between adjacent energy fluences were the same. After that, the velocity difference between
2.4 J/cm2 and 1.2 J/cm2 gradually decreased due to the faster attenuation of velocity in the
case of 2.4 J/cm2.

The fast attenuation of the velocity for 2.4 J/cm2 was because the propagation of
the shock wave needed to consume more energy to overcome the air resistance. The
deceleration rates of the shock waves at laser fluences of 1.2 J/cm2 and 0.5 J/cm2 were the
same, which proved that their subsequent shock wave propagation mainly depended on
the energy release of chemical reactions. In addition, for the case of 0.5 J/cm2, the shock
wave front was separated from the vapor after 7.18 µs (Figure 6); after that, the propagation
velocity of the shock wave gradually attenuated due to lack of energy supply and air
resistance. Additionally, the propagation velocity of the shock wave under a laser fluence
of 1.2 J/cm2 was much higher than that of 0.5 J/cm2, leading to higher energy consumption
in overcoming air resistance. Due to the sustained energy supply, the attenuation rate of
the velocity in the case of 1.2 J/cm2 was the same as that of 0.5 J/cm2.
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waves with time at different laser fluences.

To make a comparison, variations of the propagation velocities of sub-mAl shock
waves with time at different laser fluences are presented in Figure 9b. The evolution history
of velocity was also divided into three stages according to Figure 9a. In the first stage, the
velocity differences between adjacent laser fluences were totally opposite to that of the
sub-mAl@GAP. Additionally, the velocity difference between two samples under 0.5 J/cm2

gradually decreased over time and tended to be the same in the end. The significant
difference between sub-mAl and sub-mAl@GAP was due to the velocity of sub-mAl under
0.5 J/cm2, which was lower than that of the sub-mAl@GAP in the first stage. With the
laser fluence reduced to 0.5 J/cm2, the energy supporting the shock wave would be mainly
contributed by the chemical reaction. Therefore, the velocity of the shock wave from the
sub-mAl@GAP was higher than that from sub-mAl owing to an improvement in the energy
release by the GAP.

In addition, for both cases, the propagation velocities of the shock waves gradually
decreased over time. This was because the energy in the shock wave would be consumed
by overcoming the air resistance. The higher the propagation velocity, the greater the air
resistance and energy consumption. The propagation velocity of the sub-mAl@GAP was
higher than that of sub-mAl, indicating a higher energy release rate of the former than
that of the latter. With the increase in the laser fluence, the velocity difference between
them went through a history of ups and downs. This reflected that the contribution of
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the GAP to the energy release was not linearly related to the laser fluence. The velocity
difference between them was the largest under a laser fluence of 1.2 J/cm2, indicating the
largest difference between them in the energy release rate. This was because the energy
contribution from the GAP was improved with a temperature rise behind the shock wave
front when the laser fluence was over 1.2 J/cm2. With the increase in the laser fluence from
1.2 J/cm2 to 2.4 J/cm2, the energy absorbed by plasma became considerably higher than
that from a GAP reaction. Therefore, the propagation of the shock wave mainly relied on
the energy absorbed by Al plasma, which led to an attenuation in the velocity difference for
them. Despite that, the energy contribution from the GAP was still noticeable. Based on the
above analyses, it could be inferred that a GAP coating could improve the energy release
rate of the sub-mAl@GAP. The boosting effect of the GAP was particularly remarkable
under a low laser fluence.

4. Conclusions

The influence of the GAP on the thermal kinetics and energy release performance
of the sub-mAl particles were studied in the work. The thermal analyses on the sub-
mAl@GAP revealed that the interaction between the GAP and sub-mAl could benefit the
decomposition of the GAP and the oxidation of sub-mAl. The energy release performances
of the sub-mAl@GAP under high heating rates were evaluated by means of an electric
explosion and a solid laser. In the case of an electric explosion stimulus, the reaction
of the sub-mAl@GAP was much more violent than that of sub-mAl. Additionally, the
sub-mAl@GAP finished the reaction 0.4 ms earlier than sub-mAl. The energy release
performances of the sub-mAl@GAP and sub-mAl under a laser stimulus were conducted
with three laser fluences (0.5 J/cm2, 1.2 J/cm2, and 2.4 J/cm2). With the decrease in the
laser fluence, the energy contribution of the GAP would be more significant. The Al would
ionize under a laser fluence higher than 1.2 J/cm2. The distance and velocity differences
of shock waves generated from the sub-mAl@GAP and sub-mAl were the biggest in the
beginning for a laser fluence of 0.5 J/cm2. The shock wave energy under a laser fluence of
0.5 J/cm2 would be mainly contributed by the chemical reaction. In this case, the shock
wave velocity of the sub-mAl@GAP was higher than that of sub-mAl due to the energy
contribution of the GAP to the system. Our work provides new insights into the reaction
performance of sub-mAl particles under ultrafast heating rates, benefitting their further
modification and application in the explosives.
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