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ABSTRACT: Heat feedback to the unburned reaction interface is an important
controlling factor of the velocity of the reaction front and power delivery. In this
paper, we investigate the effect of agglomerate surface tension and its relationship to
surface residence time and heat feedback on the combustion characteristics by Si
addition to an Al/KClO4 composite. Macroscopic imaging demonstrates a
significant increase in burn rate with the addition of Si despite the fact that Si/
KClO4 has a slightly lower energy density than Al/KClO4. Microscopic imaging
coupled with three-color pyrometry reveals that molten liquid forms and evolves
into spherical droplets on the burning surface, which are subsequently ejected from
the surface. We find that the addition of Si results in a small increase in droplet size
and a negligible impact on droplet temperature. However, the droplet formation rate
on the surface is slower, leading to a significantly longer surface residence time. This
leads to enhanced conductive heat feedback to the unburnt materials, thereby
increasing the burn rate and energy release rate. We attribute the decreased droplet growth rate to the lowered surface tension of the
liquid mixture with Si addition. This study highlights the crucial role of agglomerate physical property (e.g., surface tension) in
influencing the combustion behavior of energetic composites.
KEYWORDS: agglomerate, surface tension, interface, combustion, energy release rate, heat feedback

1. INTRODUCTION
The development of solid propellants using metals as high-
energy fuel has gained growing interest in the quest for
materials capable of achieving higher energy release rates.1

Metalized energetics has emerged as a promising frontier due
to their higher theoretically chemical energy density compared
to the traditional CHNO energetics.2−6 Despite the higher
energy density, the relatively long diffusion length between fuel
and oxidizer of traditional micrometer-scale metal energetics
results in slow reaction kinetics. Modern formulations that
incorporate nanoscale fuels and oxidizers aim to enhance
reactivity by increasing the specific surface area and reducing
the transport distances.2,5,7−9 Aluminum (Al) nanoparticles
have been widely used for this purpose due to their high
gravimetric and volumetric energy density (31.1 kJ·g−1 and
83.8 kJ·cm−3, respectively), as well as ready availability.10−15

However, agglomeration becomes prevalent with the replace-
ment of micron scale Al with nanoscale Al.16,17 This is because
of the tendency of Al nanoparticles to aggregate, sinter, and
coalesce due to either solid state diffusion or viscous flow.1,18

The agglomeration mitigates the advantages of utilizing Al
nanoparticles and decreases the energy release rate.10,19,20

Previous studies have explored various methods to improve
the combustion performance of Al nanoparticles, such as
surface coating,21−23 utilizing an additive,1 employing an

unzipping polymer,24 and assembling Al nanoparticles into
mesoparticles.19,25,26 While these studies primarily focus on
reducing agglomeration, other factors significantly influence
combustion performance, one of which is the heat feed-
back.1,27−32 Sufficient heat feedback to the unreacted material
is essential for the steady propagation of an energetic
system,31−33 and a higher amount of heat feedback has been
proven to enhance the burn rate and energy release rate.27,28,34

Despite these findings, an investigation focusing on the effect
of agglomerate physical properties on the heat feedback and
burn rate is still lacking and is the focus of this paper.
In this paper, we investigate the effect of agglomerate surface

tension and its relationship to heat feedback on the
combustion characteristics of 3D printed 90% loading Al/
KClO4 composites with Si addition (0, 10, and 25 wt %). Si is
utilized, as Si/KClO4 has a similar energy density to Al/KClO4
(8.7 vs 9.5 kJ/g). In situ imaging techniques have been
demonstrated to be particularly useful to study the combustion
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behavior of aluminized energetic composites.35−38 Here we
employ high-speed microscopic imaging to study the reaction
front and postflame with high temporal (μs) and spatial (μm)
resolution.16,24,39 This enables us to track the agglomerate size
and surface residence time to provide information about the
evolution process of agglomerates. Three-color imaging
pyrometry is used to measure the temperature of the
agglomerates. Burn rates of these composites are measured,
and relative energy release rates are calculated. The different
forces affecting a representative agglomerate on the burning
surface are estimated and compared to determine the
agglomerate detachment mechanism. Scanning electron
microscopy (SEM) coupled with energy-dispersive spectrom-
etry (EDS) and X-ray diffraction (XRD) are utilized to analyze
the postcombustion product and provide insight into the
combustion process. In this paper, we will explain why adding
a fuel with a slightly lower energy density (Si) to Al can result
in an energy release rate increase in power by 2X.

2. MATERIALS AND METHODS
2.1. Materials. Aluminum nanoparticles (Al NPs, ∼ 70 nm) were

purchased from US Research Nanomaterials. Potassium perchlorate
(KClO4, 99%) was obtained from Alfa Aesar. Polyvinylidene Fluoride
(PVDF, average molecular weight: ∼ 534,000) obtained from Sigma-
Aldrich and METHOCEL F4M Hydroxypropyl Methylcellulose
(HPMC) purchased from Dow Chemical Company were used as
the binder for printing. N,N-dimethylformamide (DMF, 99.8%) was
obtained from Fisher Scientific and used as a solvent to dissolve
PVDF, HPMC, and KClO4.
2.2. Synthesis of Silicon Nanoparticles. Silicon nanoparticles

were synthesized via a nonthermal plasma method.15,40 Briefly, the
reactor is composed of a quartz tube (8 × 1 in.) and two copper ring
electrodes. The first electrode was connected to an rf power supply
(13.56 MHz) and matching network, and the second electrode was
grounded. A butterfly valve was utilized to maintain a constant
pressure of 267 Pa, and a baratron (MKS Baratron Capacitance
Manometer) was used to monitor the pressure within the reactor.
1.36% SiH4 and argon mixture was flown as the precursor gas while
the rf input power was set at 80 W at to produce Si nanoparticles. The
particles were collected downstream of the plasma volume by filtering.
2.3. Preparation of Ink and Direct Ink Writing of 90 wt %

Loading Al−Si/KClO4 Composites. Three stoichiometric 90 wt %
loading composites were prepared with the fuel being Al and Si, and
the oxidizer always being KClO4. We refer to the samples in terms of
the mass percentage of Al and Si in the fuel. For example, a 90% Al−
10% Si sample means that 90% of the fuel is Al, 10% of is Si, and the
corresponding amount of KClO4 is used as the oxidizer to make the
overall stoichiometric assuming complete conversion to Al2O3 and
SiO2. The details on preparing ink and printing the composites can be
found in our previous study.41 Briefly, 4 wt % of PVDF, 6 wt % of
HPMC, and KClO4 were dissolved into DMF. Every ink had a

constant 25 mg/mL polymer binder in DMF. Then the fuel
nanoparticles were added to the solution, which was ultrasonicated
for 30 min and magnetically stirred overnight before printing. For
printing with a Hyrel printer (SYSTEM 30 M), the ink was extruded
through an 18-gauge needle on a preheated (∼75 °C) substrate. The
substrate was heated at ∼75 °C for another 30 min when the printing
was finished to ensure complete removal of DMF. The obtained films
were cut into ∼2 cm long sticks for the combustion investigation.
Three composites, Al/KClO4, 90% Al−10% Si/KClO4, and 75% Al−
25% Si/KClO4, were prepared by 3D printing. For simplicity, these
three composites are referred to as Al, 90% Al−10% Si, and 75% Al−
25% Si, respectively. Details of the weight percentage of each
component of all the composites are displayed in Table S1. SEM
images of the cross sections for the three composites are shown in
Figure S3.
2.4. Microscopic and Macroscopic Imaging. The details of the

imaging process can be found in our previous publications.16,42

Generally, the combustion process of the composites was studied with
two imaging systems, one of which was the microscopic imaging
system with a high-speed camera (Vision Research Phantom
VEO710L) coupled with an Infinity Photo-Optical Model K2
DistaMax. The other imaging system was a macroscopic imaging
system with high-speed camera (Vision Research Phantom Miro
M110). For one measurement, a stick was positioned on a stage inside
an argon-filled (1 atm) cubic chamber (edge length: 10 cm), which
was placed between the two imaging systems. The stick was ignited
with a Joule-heated nichrome wire, and the combustion process was
recorded with both imaging systems. For determining the average
burn rate along with standard error, a minimum of three tests were
conducted on each composite.
For the droplet size measurement and residence time tracking from

the microscopic imaging video, a minimum of 100 droplets were
measured for each composite.
2.5. Electron Microscopy and X-ray Diffraction Crystallog-

raphy. XRD [Empyrean PANalytical Series 2; Cu-Kα source (λ =
1.541 Å)] was used to characterize the as-synthesized Si nanoparticles
(Figure S1) and composition of the postcombustion product of Al/
KClO4 and 75% Al−25% Si/KClO4. The size and morphology of Si
nanoparticles were characterized by TEM (120 kV accelerating
voltage; Thermo Fisher Scientific Talos L120C; Figure S2). SEM
(Thermo Fisher Scientific NNS450) coupled with energy dispersive
X-ray spectroscopy (EDS) was used to analyze the morphology and
composition of the postcombustion product. Postcombustion product
was collected inside a glass tube (ID: 1 in.) filled with argon. For 75%
Al−25% Si/KClO4, the obtained product was washed with water
briefly to dissolve KCl nanoparticles, which is formed during
combustion, to simplify the XRD spectrum.16 To minimize oxidation
of the particles in water, the washing process involved adding water to
the postcombustion product and vigorously vortexing it for
approximately 20 s. Subsequently, the suspension was promptly
centrifuged, the precipitate was collected, and it was then dried under
vacuum in a desiccator before conducting SEM and XRD analysis.

Figure 1. Time-resolved snapshots from high-speed macroscopic video of the composite of Al/KClO4 (a). Dashed lines represent the printed
composites before ignition. Measured burn rates of different composites (b). Images for the cases with Si addition appear qualitatively similar and
can be found in Figure S4 in the Supporting Information.
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2.6. Three-Color Imaging Pyrometry. Details about three-color
imaging pyrometry can be found in previous publications from our
group.31,39,43 In general, temperature measurements of the sample
were conducted by analyzing the ratios of channel intensities in three
colors (red, green, and blue) captured through the Bayer filter. This
analysis was performed by using a custom MATLAB routine,
assuming that the sample exhibited graybody emission behavior.
Calibration factors were determined with a blackbody source (Mikron
M390). The estimated temperature uncertainty is typically within the
range of 200−300 K.27,31

3. RESULTS AND DISCUSSION
Combustion behaviors of the Al, 90% Al−10% Si, and 75%
Al−25% Si composites were characterized with high-speed
macroscopic and microscopic cameras in argon. (For
simplicity, KClO4 is excluded in the name of these
composites). A series of time-resolved snapshots of these
composites from macroscopic video are shown in Figures 1
and S4. All three composites show stable and linear
propagation, and the burn rate increases as the Si content
increases, as displayed in Figures 1a and S4. Figure 1b shows
that the macroscopic burn rate is 8.6 11.2, and 14.3 cm/s for
Al, 90% Al−10% Si, and 75% Al−25% Si, respectively. It is
noteworthy that while previous studies has demonstrated that
the increase in porosity results in a higher burn rate,44 the
porosity of the composite was largely unaffected by Si addition
in our composites (all composites have porosity near 50%).
Therefore, the observed increase in burn rate cannot be
explained by the porosity increase.
Microscopic videos provide important insight into the

combustion characteristics of a composite by enabling the
direct observation of combustion events on the burning
surface. Figure 2a shows the snapshots from high-speed

microscopic videos of the composites with different Si
contents. Cone-shaped flame front is observed for all three
composites and is attributed to a higher porosity on the edge
of the composites that arises from a higher solvent evaporation
rate during printing.16 For the composite of bare Al, molten
droplets with dark caps form on the burning surface. The main
(bright) body of these droplets is almost pure Al while the dark
cap consists of Al2O3.

16,45 These mobile droplets coalesce and/
or absorb newly formed liquid nearby, growing into larger
droplets before departing from the burning surface.46 The
incorporation of 10 and 25% Si has a minimal influence on the
morphology of the droplets, as shown in Figure 2a. Droplet
sizes of the three composites are measured, and the
distributions are displayed in Figure 2b, which illustrates that
the addition of Si slightly increases the droplet size.
Three-color (RGB) pyrometry is utilized to measure the

temperature of the flame front, and the representative
temperature maps of the composites with different Si contents
are displayed in Figure 3a. For the composite with bare Al,
main body of the droplets have an average temperature of
∼2350 K, which is significantly higher than the melting point
of Al at 930 K. It is noteworthy that this measured temperature
is approximately equal to the melting point of Al2O3 at 2345
K.37 At this temperature Al2O3 melts and retracts, forming a
distinct lobe due to surface tension.16,47 With the introduction
of Si to the composite, the average temperature of the main
body of the droplets is ∼2450 K for 90% Al−10% Si and
∼2500 K for 75% Al−25% Si, respectively. The droplet
temperature difference between bare Al and 75% Al−25% Si is
within the uncertainty of the measurement (200−300 K),27,31
therefore we conclude that the addition of Si has minimal
effect on the droplet temperature. For droplets of all three

Figure 2. Images from high-speed microscopic video (a) and droplet size distribution (b) for the composites of Al, 90% Al−10% Si, and 75% Al−
25% Si.
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composites, the temperature of Al2O3 cap is higher than the
main body, consistent with the observations from previous
studies.16,37

Combustion performance of different composites can be
evaluated by comparing their energy release rate. Figure 3b
shows the relative energy release rate of the three composites.
It is evident that the energy release rate of the composite
increases with the addition of Si. As the Si content increases
from 10 to 25%, the relative energy release rate rises from 1.4-
to-2.0 times that of bare Al. Given that the gravimetric energy
density of Si/KClO4 is lower than Al/KClO4 (8.7 vs 9.5 kJ/g),
the observed increase in energy release rate cannot be
explained by theoretical energy density difference. In addition,
previous studies have demonstrated that the smaller agglom-
eration size favors a higher burn rate.1,24,27,34 As shown in
Figure 2b, the droplet size of the composite slightly increases
with Si addition. A primary question now arises: Why does the
introduction of Si significantly increase the energy release rate?
Microscopic imaging videos demonstrate that the initial

agglomerates require some time to evolve into droplets, which
then reside on the burning surface for a period of time before
departure rather than being ejected immediately after
formation. Figure 4a presents a series of snapshots depicting
a representative process from agglomerate emergence, droplet
formation, growth, and departure from the burning surface of
the bare Al composite. Agglomerate surface residence time is
estimated by tracking the time span from the emergence of the
agglomerate that evolves into a droplet to the departure of that
droplet, and the obtained distributions for different composites
are shown in Figure 4b, which shows that the addition of Si
clearly increases the agglomerate surface residence time. The
vast majority of the agglomerate residence time for bare Al
composite is below 3 ms. With 10% Si introduction, the overall
agglomerate residence time increases, and approximately 35%
of agglomerates have residence time exceeding 3 ms. As the Si
content increases from 10 to 25%, the overall agglomerate
residence time continues to rise, with more than 60% of
agglomerates having a residence time exceeding 3 ms.
Steady propagation requires the transfer of sufficient heat

from the flame back to the unreacted material.31−34,48

Conduction, convection, and radiation are the three primary
methods for heat transfer. Previous studies have demonstrated
that radiative heat feedback is negligible for a propellant

Figure 3. Temperature maps from three-color pyrometry (a) and
estimated relative energy release rates (b) for the composites of Al,
90% Al−10% Si, and 75% Al−25% Si. High error points and low-
intensity points were excluded from the temperature measurement.
Details about relative energy release rate estimation can be found in
the Supporting Information (Section S2).

Figure 4. Time-resolved snapshots of the evolution of a representative droplet from emergence to departure from the burning surface for the
composite of bare Al (a). Measured agglomerate surface residence time distribution of Al, 90% Al−10% Si, and 75% Al−25% Si (b).
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propagating at atmospheric pressure.32,33,48,49 In the current
study, combustion tests of the composites were conducted
inside a vented chamber to maintain approximate atmospheric
pressure; therefore, we disregard the effect of radiative heat
feedback. Convective heat transfer can be further divided into
convection of gas and convection from the movement of
condensed phase material.33,50−52 Egan and Zachariah
investigated gas convection in an Al/CuO system propagating
inside a narrow channel and concluded that convective heat
transfer was insufficient to sustain combustion.33 Calculation
shows that Al−Si/KClO4 has less gas generation compared to
Al/CuO, assuming that the oxygen produced from the
oxidizers is completely consumed by Al. While the composite
of Al−Si/KClO4 has 10% polymer binder (4% PVDF and 6%
HPMC), prior work has demonstrated this polymer mixture
has little gas release.24 It is noteworthy that the combustion
test of the composite in the current study was conducted inside
a chamber with a cross-section area approximately 4 orders of
magnitude higher than that of a composite stick. This indicates
that convective heat transfer effect is much lower than the
significantly confined Al/CuO system studied by Egan and
Zachariah,33 therefore the effect of convective heat transfer of
gas is insignificant. As for the effect caused by the movement of
condensed phase material, no movement of the burning
droplet back to the unburnt composite is observed from the
microscopic imaging. This can be attributed to the lack of
confinement effect from the test chamber, given that its cross-
sectional area is drastically larger than that of the composite
stick. Thus, it can be concluded that the convective heat

transfer effect is insignificant for the propagation of Al−Si/
KClO4 composites.
From the discussion so far, we can conclude that the

radiation heat feedback is negligible and convection is not the
dominant mode of energy transport for the propagation of Al−
Si/KClO4 composites. The remaining mechanism is con-
duction heat transfer. The significance of conductive heat
transfer has been suggested previously. Brewster and Hardt
concluded that the residence of metal agglomerates on or near
the surface of a propellant tended to increase the burn rate of
the propellant by transferring heat to the propellant.34 Our
prior work of Wang et al. demonstrated the addition of carbon
fiber increased the burn rate of Al/CuO by enhancing
conductive heat transfer from hot burned/burning particles
to the unburnt materials.27 In the current study, we have
shown that agglomerate residence time increases with Si
addition (Figure 4b), suggesting an increase in conductive heat
feedback to the unburnt material, which enhances the burn
rate. A new question now arises: Why does the addition of Si
increase the agglomerate residence time? To answer this
question, we will primarily compare the composites of bare Al
and 75% Al−25% Si.
XRD and SEM/EDS were utilized to analyze the

postcombustion products. Figure 5a displays the XRD results
of postcombustion product from the composites of bare Al and
75% Al−25% Si. In the composite of bare Al, KCl resulting
from the decomposition of KClO4, unreacted Al, γ-phase
Al2O3, δ-phase Al2O3, and α-phase Al2O3 are present. In the
composite of 75% Al−25% Si, in addition to the components

Figure 5. XRD spectra of postcombustion products from the composites of bare Al and 75% Al−25% Si (a). SEM image and corresponding EDS
images of postcombustion products of the 75% Al−25% Si composite (b). Note: product of the 75% Al−25% Si composite was water-washed
briefly to remove KCl for obtaining a cleaner XRD spectrum and allowing large agglomerates to remain on the carbon tap for SEM.
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observed for the bare Al composite, SiO, and unreacted Si are
identified. These results suggest the incomplete combustion of
Al and Si. As discussed in the previous section, for the
composite of bare Al, the main body of the droplets during
combustion is almost pure Al while the dark cap is Al2O3.

16,45

SEM/EDS images in Figure 5b show that for the 75% Al−25%
Si composite, aluminum, oxygen, and silicon are homoge-
neously distributed on the surface of the particles except for a
few small spots. Al and Si are miscible at any atomic ratio when
the temperature is above the melting point of Si at 1414 °C,53
which is significantly lower than the measured temperature of
main body of the droplets (>2100 °C). This suggests that for
the composites with Si addition, the main body of the droplets
forms a homogeneous mixture of Al and Si, consistent with the
EDS analysis that Al and Si are homogeneously distributed on
the postcombustion particles. For simplicity in the following
discussion, we assume Al and Si are in the main body, while
SiO and Al2O3 are in the cap for the burning droplets of
composites with Si addition.
Now, let us consider the forces that a droplet feels in order

to detach from the burning surface. On the burning surface the
droplet will experience aerodynamic forces (drag or blowing
force) due to gas flow effusing from surface, adhesive forces,
and gravity, as shown in Figure 6a.29,54,55 Gravity plays an

insignificant role in droplet detachment, as no consistent
downward movement is observed for the departed droplets.
We begin by assuming that the surface generates gas (blowing
force), which will want to lift the particle from the surface by a
drag force. To estimate the drag force, we need to know the
blowing velocity at the surface of the attachment. To do this,
however, we measure the velocity of the departed particle,
assuming it has reached its terminal velocity, and assuming it is
equivalent to the blowing velocity. We can then calculate the
lifting force from Stokes Law (i.e., the drag force; Fdrag) shown
in eq 1.56 Where CD is drag coefficient, ρg is the gas density, d
is the diameter of the particle, and v is the relative velocity of
the gas flow. Counteracting the drag (or detachment) force is
the adhesive force (Fadh) characterized by eq 2.

56 The adhesive
force arises from the combination of van der Waals,
electrostatic, and surface tension forces, which are represented

by the first, second, and third terms on the right side of eq 2,
respectively.
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where A is the Hamaker constant, x is the distance between the
particle and the plane surface, Kε is the constant of
proportionality, xq is the separation distance of opposite
charges, and γ is the surface tension of the liquid between the
particle and the plane surface. For order-of-magnitude
estimates we will consider a representative droplet (d = 100
μm, temperature = 2500 K). Velocity tracking of the droplet
leads to an average velocity of ∼2 m/s, CD is estimated to be
1,56 and the gas density (ρg) is assumed to be the density of
argon (1.6 kg/m3). A drag force (Fdrag) from eq 1 yields a value
of 3 × 10−8 N.
In estimating the adhesive force (Fadh), we can safely neglect

the electrostatic force as the droplet primarily consists of
conductive Al, so it is unlikely that charge on the droplet
accumulates due to the contact with the burning surface. Given
the wetting behavior of these droplets as evidenced by the clear
liquid Al bridge (Figure S5), van der Waals forces are likely to
be much smaller than surface tension forces. In the calculation
of surface tension, the adhesive force, γAl is estimated to be 0.6
N/m at 2500 K,57 resulting in a surface tension adhesive force
of ∼4 × 10−4 N. This is orders of magnitude higher than the
blowing force (drag force; ∼ 3 × 10−8 N), suggesting that gas
generation at the surface is too small to detach the droplet
from the burning surface. Previous studies have shown that for
the detachment of particles from surfaces, the lifting force
usually contributes less than tangential forces acting parallel to
the surface, which results in rolling or sliding of particles.58,59

In the current study, droplet rolling on the burning surface is
commonly observed, and we believe it to be the primary cause
of droplet detachment. The observed droplet rolling is
attributed to the flow dynamics inside the droplet at a high
temperature (2500 K), which remain consistent for droplets
with different sizes due to the invariant temperature among
these droplets.60 Basu et al. demonstrated that the critical shear
rate for the detachment of a partially wetting droplet decreases
as the droplet size increases.61 Thus, a droplet needs to grow to
a sufficient size to reach the critical shear rate for detachment.
This explains the relatively large droplet size (∼100 μm)
observed for the detachment.
The preceding discussion primarily focused on the droplet

detachment mechanism for the composite of bare Al but did
not address why the addition of Si results in a higher surface
residence time. As discussed above, a critical size must be
achieved before a droplet can detach. To achieve this critical
size, neighboring droplets must fuse. The fusion occurs
through viscous flow, and the characteristic fusion time (τF)
can be calculated using Frenkel’s law17,62 in eq 3.

= d
F

(3)

where η is the viscosity, γ is the surface tension. For Al at 2500
K, the surface tension is estimated to be 0.6 N/m and the
viscosity is estimated to be 0.48 mPa·s.57,63 For two droplets
with a diameter of 100 μm, the computed characteristic fusion

Figure 6. Schematic of the forces experienced by a droplet on a
burning surface (a). Representative dewetting process (top) and the
corresponding illustration (bottom) for the composite of 75% Al−
25% Si (b).
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time is ∼2.5 × 10−4 ms. This is a few orders of magnitude
smaller than the overall measured droplet surface residence
time and can therefore be neglected.
Another contributing factor to the surface residence time is

the time required for the liquid to evolve into a droplet.
Microimaging videos show the formation of burning liquid
“pool” before its evolution into a spherical droplet (Figures 4a
and 6b). The process for the liquid “pool” evolving into a
droplet can be regarded as dewetting of the burning surface by
the liquid fuel.64 Bertrand et al. demonstrated that growth rate
of the droplet for dewetting is related to the surface tension of
the liquid, and a higher surface tension results in a higher
droplet growth rate.64 With the introduction of Si, the surface
tension of the mixture decreases as γSi < γAl at 2500 K (0.25 N/
m vs 0.6 N/m).57 Consequently, the droplet growth rate
decreases and more time is required for the liquid to evolve
into a droplet. Figure 6b displays a representative dewetting
process for the 75% Al−25% Si composite with a measured
dewetting time of ∼3.5 ms, which is significantly longer than
the total surface residence time for a representative droplet of
the bare Al composite (Figure 4a). This explains why the
introduction of Si increases the agglomerate surface residence
time.

4. CONCLUSIONS
This paper investigates the effect of agglomerate surface
tension on heat feedback and burn rate of energetic composites
by studying the combustion behavior of Al/KClO4 composites
with Si as an additive. The introduction of Si significantly
increases the burn rate and the energy release rate. Micro-
scopic imaging shows that droplets resulting from the
evolution of molten liquid form on the burning surface, and
the addition of Si has minimal impact on the droplet
temperature while slightly increasing the droplet size.
However, the lower surface tension of Si compared to Al
decreases the overall liquid surface tension, leading to a lower
droplet growth rate and a longer time required for the liquid to
transform into droplets. This results in a prolonged
agglomerate surface residence time and, consequently,
enhanced conductive heat feedback to the unburnt materials,
ultimately increasing the burn rate and energy release rate.
This study illustrates the crucial role of agglomerate surface
tension in impacting the combustion behavior of energetic
composites.
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