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Abstract

Constructing a multifunctional coating on aluminum (Al) powder is crucial
for enhancing its energy release in propellants. However, existing methods
face challenges such as complex processes, high costs, and poor controllability.
This study proposes a simple self-assembly strategy to construct a dual core-
shell structure on aluminum powder surfaces, consisting of an inner tannic
acid-Fe3* (TA-Fe) network and an outer fluorosilane (PDTTS) layer, thus
successfully fabricating the AI@TA-Fe@PDTTS composite. Molecular dynamics
simulations reveal a strong binding energy among the coating components,
providing theoretical support for the successful realization of the self-
assembly process. The resulting Al@TA-Fe@PDTTS composite exhibits
excellent hydrophobicity (contact angle up to 123.7°) and significantly
promotes the cracking of the inert alumina shell. Serving as a combined fuel
and catalyst, the composite significantly lowers the high-temperature
decomposition peak of ammonium perchlorate (AP) by 41.9 °C. Furthermore,

laser ignition tests confirm a substantially shortened ignition delay (from 13.2



ms for aluminum/AP mixtures to only 4.8 ms for the composite material) and
a more intense combustion process, highlighting its great potential for
advanced energetic applications.

Key words: aluminum powder; dual core-shell structure; interface

performance; combustion; ammonium perchlorate.

1. Introduction

Aluminum powder is widely used in the formulation of solid propellants due
to its high energy density (30.98 kJ-mol!l), active chemical properties, low
price, and good compatibility with other materials in the propellant'!'-*/. The
incorporation of aluminum powder into composite solid propellants enhances
combustion stability and substantially increases propellant density and
specific impulse, thereby yielding greater overali thrust output for rockets
within an equivalent volume!>-¢l, However, aluminum will spontaneously react
with oxygen in the air to form a layer of aluminum oxide film with a thickness
of several nanometers, which wraps the surface of the aluminum particles!'.
Since aluminum oxide has a high melting point (2054 °C) and boiling point
(2980 °C), and low thermal conductivity, it will hinder the mass diffusion and
interfacial reaction between the oxidant and aluminum powder, and hinder
heat and mass transfer, thereby increasing the ignition temperature and
ignition delay time of aluminum powder!!%-12],

Over the past several decades, the predominant approach to enhancing the
combustion performance of aluminum powder has been the introduction of
fluorine-containing compounds. Fluorine not only reacts easily with aluminum,
but also has been shown to stimulate the surface pre-ignition exothermic
reaction with the Al,O3 shell''3-15], promoting the production of low-boiling
point AlF3 substances. Therefore, fluorine-containing compounds such as
polytetrafluoroethylene (PTFE)!'!6-17], polyvinylidene fluoride (PVDF)1&-21]

perfluoric acid'?223], and ammonium perfluorooctanoate (APFO)/2*! etc. are



used to improve the combustion performance of aluminum powder. While ball
milling has been used to combine fluorine-containing compounds with
aluminum powder!?526], this approach often alters the original spherical
morphology of the aluminum particles, which can negatively affect their
packing density, rheology, and ultimately their performance in propellant
formulations. It should be noted, however, that recent advances in specialized
milling techniques, such as emulsion-assisted milling, have demonstrated the
possibility of obtaining spherical aluminum composites with tunable
morphology and enhanced reactivity while mitigating some of the traditional
drawbacks of milling!?7). Despite this progress, achieving intimate contact
between the fluorine source and the aluminum surface without compromising
particle morphology or introducing complex processing steps remains a
challenge. Therefore, considerable research interest persists in modifying the
aluminum powder surface by directly coating fluorine-containing compounds
onto the particles. This approach aims to ensure full contact between the
fluorine species and aluminuin while preserving the original particle
morphology, thereby effectively enhancing combustion performance. At
present, some studies have coated some materials (PTFE, PVDF,
polydopamine (PDA), etc.) on the surface of aluminum powder particles to
improve the combustion performance of aluminum powder. However, the
method of coating the surface of aluminum powder also has many problems:
the preparation method is complicated, the raw materials or preparation
method are expensive, and the preparation process is difficult to control.
Another important component in composite propellants is the oxidizer
ammonium perchlorate (AP). The combustion performance of composite
propellants is closely related to the thermal decomposition process of AP. The
ignition delay time of the propellant can be shortened and the combustion rate
can be increased by reducing the peak temperature of AP decomposition!/2¢-311,
A large number of studies have shown that transition metal ion salts or

transition metal ion compounds can effectively reduce the thermal



decomposition temperature of AP!°2-35], However, these often require complex
methods or specialized equipment to prepare.

Therefore, in this work, we propose a novel interfacial engineering strategy
that concurrently addresses the dual challenges of the inert Al2Os shell and
the poor interfacial compatibility. We successfully constructed a dual core-
shell structured Al@TA-Fe@PDTTS composite. The design philosophy is
twofold: the inner TA-Fe network, formed via the facile self-assembly of low-
cost tannic acid and Fe3®* ions, is engineered to interact strongly with the
native alumina layer and serve as a catalytic site. The outer fluorosilane
(PDTTS) layer is designed to confer superior hydrophobicity and, upon
decomposition, provide reactive fluorine species that corrode the oxide shell
and promote its cracking. This rational design, verified by molecular dynamics
simulations, not only ensures a robust coating architecture but also
synergistically enhances both the reactivity and interfacial properties of
aluminum. This work provides a new insight into the molecular-level interface
control for designing advanced multifunctional metal fuels, offering a simple

and effective pathway towards high-performance energetic composites.

2. Experimental section

2.1 Materials

Aluminum powder was supplied by Hengda Aluminum Co., Ltd. (median
particle size Dsg = 5 pm; average particle size = 4 pm, as shown Fig.S1).
Ammonium perchlorate was purchased from Liming Research Institute of
Chemical Industry. Tannic acid (98%) 0 1H,1H,2H,2H-
Perfluorodecyltriethoxysilane (PDTTS) (98%), FeCl3-6H20O (99%),and n-
Hexane (= 98%), Tris-Bis (99.5% purity), were purchased from Shanghai
Macklin Biochemical Co., Ltd. Absolute ethanol (= 99.7%) was obtained from

Shanghai Energy Chemical Co., Ltd. All chemicals are analytical grade.



2.2 Synthesis of Al@TA-Fe Composite

The Al@TA-Fe composite was fabricated via a facile one-pot coordination-
driven self-assembly process. In a typical procedure, 0.4 g of TA was first
dissolved in 200 mL of deionized water under magnetic stirring to form a clear
solution. Subsequently, 2 g of raw Al powder was introduced into the TA
solution and uniformly dispersed via ultrasonication for 10 min. Then, 20 mL
of an aqueous FeCls-6H20 solution (0.065 g) was added dropwise into the
mixture, which was allowed to react for 20 min. This step facilitates the rapid
formation of a coordinated TA-Fe network on the Al surface The pH of the
mixture was then adjusted to 8.0 using a Tris-Bis buffer to optimize the
coordination environment and strengthen adhesion. The resulting product was
collected by filtration, thoroughly washed with deionized water, and dried

overnight at ambient temperature to yield the Al@TA-Fe powder.

2.3 Construction of the Dual Core-Shell Structure (AlI@TA-
Fe@PDTTS)

To impart hydrophobicity and introduce reactive fluorine species, the as-
prepared AI@TA-Fe composite was further functionalized with PDTTS. Briefly,
10 g of Al@TA-Fe was fully dispersed in 100 mL of n-hexane via ultrasonication.
Then, 1 g of PDTTS was added dropwise into the suspension. The mixture was
left to stand for 24 h, allowing the silane groups of PDTTS to condense with
the residual hydroxyl groups on the TA-Fe surface, forming a robust covalent
interface. The final product, denoted as Al@TA-Fe@PDTTS, was obtained by
filtration, washed three times with n-hexane to remove unreacted precursors,
and dried at 50°C. A schematic illustration of the overall fabrication process
is presented in Fig. 1.The macroscopic morphologies of pure Al powder and A

are shown in Fig.S2.
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Fig.1 Schematic diagram of the preparation process and experimental process of Al@TA-
Fe@PDTTS.

2.4 Characterization and Methods

The sample was observed using a ZEISS Sigma 300 scanning electron
microscope (SEM) and a Tecnai G2 F20 S-TWIN transmission electron
microscope (TEM). Powder X-ray diffraction (PXRD) was performed on a
Panaco Emoyrean instrument using a Cu target, scanning from 5° to 90° at
10°-min’!. Fourier transform infrared spectrometer (FT-IR) was performed
using a Thermo Scientific Nicolet iS20 instrument. The test range is 4000 cm-
1 t0 400 cm!. X-ray Photoelectron Spectroscopy (XPS) was performed using a
Thermo Scientific K-Alpha. The spot size is 400 pym, the working voltage is 12
kV, the filament current is 6 mA; the full spectrum scanning energy is 150 €V,
and the step size is 1 eV. Thermal analyses, including differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA), were conducted
using a Mettler Toledo TGA/DSC 3+ instrument. The measurements were
performed under a flowing argon atmosphere at constant heating rates of
either 10 or 20 K'min—!. The static contact angle was measured by the
hypsometry method using the standard static drop method, using the JY-82B
Kruss DSA type contact angle meter.

To investigate the combustion products of the sample in an air atmosphere,



200 mg of the sample was placed in a transparent tube furnace (air
atmosphere), heated to 600 °C (or 800 °C) at a rate of 20 °C-min’!, and kept
warm for 10 min. The reaction products were collected after cooling to room
temperature and characterize them by SEM and XRD.

TRHW-7000C automatic oxygen bomb calorimeter was used to test the
combustion calorific value of the sample. The combustion calorific value of
each sample is measured in parallel three times, and the average value is taken
as the final result. In high-speed photography experiments, Al and Al@TA-
Fe@PDTTS was physically uniformly mixed with AP in a mass ratio of 9:1. Then,
ignition was achieved using a CO: laser system (30 W output, 500 ms duration),
with a 100 mg sample loaded on the platform in air at atmospheric pressure.
Combustion process were recorded using a high-speed camera configured for

10000 fps acquisition and a 50 ms exposure time per franie
2.5 Molecular Dynamics Simulaticn Methodology

Molecular dynamics (MD) simulations were performed to evaluate the
binding ability among the core components (Al, TA, and PDTTS) and to provide
theoretical support for the experimental design. The initial molecular models
of Al, TA, and PDTTS were constructed using the Visualizer module within the
Materials Studio software package, as shown in Fig.2(d), Fig.2(e) and Fig.2(f),
respectively. To build the simulation systems, the Al model was expanded into
a 4x4x2 supercell. Subsequently, three-dimensional periodic boxes
containing 12 TA molecules and 30 PDTTS molecular chains, respectively,
were generated using the Amorphous Cell module, as shown in Fig.2(d),
Fig.2(e) and Fig.2(f), respectively. The composite interfacial models (Al/TA,
Al/PDTTS, and Al/TA/PDTTS) were then geometrically optimized and subjected
to MD simulations using the Forcite module.

All simulations employed the COMPASS II force field and were conducted
under the NVT (canonical) ensemble. The temperature was maintained at 298

K. A time step of 0.1 fs was used for integration, with a total simulation time



of 1000 ps for each system. Data from the final 500 ps of the equilibrated

trajectories were collected for subsequent binding energy analysis.

@o

Fig. 2 (a) Molecular structure of Al; (b) Molecular structure of TA; (c) Molecular structure
of PDTTS; (d) Supercell model of Al; (e) 3D amorphous cell (AC) box of TA; (f) 3D AC box
of PDTTS.

3 Result and discussion

3.1. Binding energy

In this study, the binding energy (Eping), @ key metric for quantifying the
strength of intermolecular interactions %%/, can be derived from the
intermolecular interaction energy (Einter) @as shown in equation (1):

Ebind=-Einter=-(Ea-B-Ea(a-B)-EB(a-B)) (1)
In equation (1), Ea.p represents the total energy of the composite system; Eaa-
B) represents the energy of A in the composite system, and Eg.p) represents
the energy of B in the composite system.

For a system to reach dynamic equilibrium, it is usually necessary to make
the temperature and energy in the system reach equilibrium. In general, as
long as the temperature and energy remain within the fluctuation range of 5%
to 10%, it can be concluded that dynamic equilibrium has been achieved!”!,
Fig.3 shows the fluctuation curves of temperature (Fig.3a-c) and energy
(Fig.3d-f) during the molecular dynamics simulation of the systems Al,O3/TA,
Al,0O3/PDTTS, and Al,O3@TA/PDTTS. As time goes by, after 500ps, the



fluctuations of the temperature and energy of the system are within 5%, and
the system reaches equilibrium. The above results show that all simulation
systems have reached dynamic equilibrium, which ensures the reliability of

subsequent data collection and analysis.
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Fig. 3 (a) Temperature fluctuation curve of the Al>Os/TA system; (b) Temperature
fluctuation curve of the AlO3/PDTTS system; (c) Temperature fluctuation curve of the
Al203@TA/PDTTS system; (d) Energy fluctuation curve of the Al2O3/TA system; (e) Energy
fluctuation curve of the Al.Os3/PDTTS system; (f) Energy fluctuation curve of the
AlOs@TA/PDTTS system.

Fig.4(a-d), Fig.4(b-e) and Fig.4(c-f) present the optimized molecular
configurations and corresponding equilibrium structures for the hybrid
systems AlOs/TA, AlO3/PDTTS and AlOs@TA/PDTTS, respectively. The
calculated binding energies for these systems are summarized in Table 1.
Specifically, the Al2O3/TA, Al2O3/PDTTS, and Al.Os@TA/PDTTS systems exhibit
binding energies of 782.36 kcal'mol-!, 211.79 kcal'-mol-!, and 498.21
kcal-mol-?, respectively.

These results indicate that TA molecules possess a strong affinity for the
Al20s3 surface, which can be attributed primarily to the formation of hydrogen
bonds between hydrogen atoms in TA and oxygen atoms in Al2Os. This
interaction facilitates the effective coating of the TA interlayer onto the
alumina shell. Moreover, the binding capability of PDTTS with TA is

substantially greater than that with bare Al:Os. This enhanced adhesion arises



from the tendency of fluorine atoms in PDTTS to form hydrogen bonds with
the hydroxyl groups present in TA, thereby strengthening the interfacial
cohesion.

The simulation outcomes demonstrate that TA exhibits superior binding to
the AlOs crystal surface compared to PDTTS. Conversely, PDTTS adheres
more effectively to the TA-modified surface than to pristine Al>Os particles.
Collectively, these computational findings validate the rationality of the
experimental design for constructing the dual-layer coating system.

(a) (b) (c) (d) (e) o

Fig.4 (a) Optimized model of the Al203/TA system; (b) Optimized model of the
Al203/PDTTS system; (¢) Optimized model of the Al2Os@TA/PDTTS system; (d) Final
equilibrium structure of the Al203/TA system; (e) Final equilibrium structure of the
Al203/PDTTS system; (f) Final equilibrium structure of the Al2Os@TA/PDTTS system.

Table 1 Binding energies of Al,03/TA, Al,O3/PDTTS and Al,O3@TA/PDTTS

System Al,O3/TA, Al,O3/PDTTS Al,O3@TA/PDTTS
Binding energy
(kcal-mol1)

782.36 211.79 498.21

3.2. Characterization of AlI@TA-Fe@PDTTS

The microscopic morphologies of the different samples are presented in
Fig.5. Pure Al particles (Fig.5a) and AI@PDTTS particles (Fig.5c) exhibit a
relatively smooth and even topography. In contrast, the surfaces of AI@TA-Fe
(Fig.5b) and the final composite Al@TA-Fe@PDTTS display a distinctly
rougher texture compared to their counterparts. Higher-magnification

imaging reveals the presence of numerous protrusions on the aluminum



particle surfaces, attributed to the variable thickness of the deposited TA-Fe
coating layer. Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis of the AlI@TA-Fe@PDTTS composite (Fig.5e) detects the presence of
carbon (C), iron (Fe), silicon (Si), and fluorine (F) elements on the particle
surfaces, which are absent in the raw Al powder. This elemental signature
provides direct evidence for the successful establishment of both the inner TA-

Fe and the outer PDTTS interfacial layers on the aluminum substrate.

Fig.5 SEM images of (a) Al, (b) Al@TA-Fe (c) Al@PDTTS and (d) Al@TA-Fe@PDTTS; (e)
EDS mapping of Al@TA-Fe@PDTTS.

To gain deeper insight into the morphological and compositional
characteristics of the TA-Fe and PDTTS coatings on the aluminum powder,
transmission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDS) mapping were performed on the Al@TA-Fe@PDTTS
sample, with the results presented in Fig. 6. As can be seen from Fig.6(a) and
Fig.6(b), there is an irregularly shaped coating layer on the surface of the
aluminum powder particles. By correlating the high-resolution TEM image of
a single particle's edge with the element energy spectrum surface scanning
image (Fig.6(b-e)), the architecture of the composite particle can be clearly
resolved. The microstructure is comprised of three distinct concentric regions:

a central, black core corresponding to metallic aluminum (Al), surrounded by



a dark gray intermediate layer identified as the native aluminum oxide (Al203).
Externally, both the TA-Fe and PDTTS functional layers are observed to reside
on the outer surface of this oxide layer. According to Fig.6(b-e), the TA-Fe and
PDTTS coating materials are deposited in a relatively even manner onto the
aluminum powder particles. Collectively, the morphological and compositional
data presented successfully verify the existence of the designed core-shell

configuration in Al@TA-Fe@PDTTS.

Oxide layer

| 960 om

Fig.6 TEM image and energy specirum scanning of AI@TA-Fe@PDTTS single particle.
The surface chemical composition of the AI@TA-Fe@PDTTS particles was

further investigated using Fourier-transform infrared (FT-IR) spectroscopy
(Fig.S3). The spectrum exhibits characteristic absorption bands
corresponding to functional groups from both coating layers. Key signals
include those attributed to PDTTS, such as the asymmetric stretching
vibration of -CF2 at 822 cm~! and the Si-O-C absorption at 1055 cm~?! [38],
Concurrently, multiple bands originating from tannic acid (TA) are identified:
the ester C-O stretch (1193 cm~?) [%], aromatic ring C-C stretches (1572 and
1431 cm™!), the carbonyl (C=0) stretch (1689 cm-'), and a broad O-H
stretching vibration (3351 cm~1!). An additional signal at 2937 cm~! is assigned
to the C-H asymmetric stretch in PDTTS. The co-presence of these distinctive
vibrational fingerprints for both TA and PDTTS on the particle surface provides

definitive spectroscopic confirmation for the successful application of the dual-



layer TA-Fe and PDTTS coating on the aluminum substrate, corroborating the
morphological evidence obtained from electron microscopy.

In addition, XPS was used to measure and characterize the element types
and valence states on the surface of AI@TA-Fe@PDTTS particles, as shown in
Fig.7. The full XPS spectrum of AlI@TA-Fe@PDTTS shows that the surface
layer of AI@TA-Fe@PDTTS contains C, O and F elements (Fig.7a), while the Al
peak is not clearly detected. This may be because the surface layer of the
aluminum particles is covered by the TA-Fe@PDTTS coating layer, which
affects the detection of the internal aluminum element. At the same time, the
detection of the Fe element is not obvious, which is mainly due to the low
content of Fe in AlI@TA-Fe@PDTTS. High-resolution XPS spectra provide
detailed chemical bonding information. The C 1s spectrum (Fig. 7b) was
deconvoluted into five components corresponding to C-H (284.3 eV), C-C
(286.0 V), O-C=0 (287.9 eV), -CF2 (291.0 eV), and -CFs (293.3 eV) species!*’],
reflecting contributions from both the organic TA matrix and the fluorinated
PDTTS layer. The O 1s spectrum (Fig. 7c) was fitted with two peaks assigned
to C-O-C (531.0 eV) and -OH (532.6 eV) groups, characteristic of the tannic
acid component. The F 1s spectrum (Fig. 7d) displays a single peak at 688.7
eV, attributed to covalent C-F bonds from the fluorosilane coating.The above

results further show that AI@TA-Fe@PDTTS has a dual core-shell structure.
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Fig. 7 Survey XPS binding energy spectra and the high-resolution XPS spectra of C 1s, O
1s, and F 1s peaks of Al@TA-Fe@PDTTS.

3.3 Interface performance of AI@TA-Fe@PDTTS

In order to observe the interfacial properties of Al and AlI@TA-Fe@PDTTS,
the contact between Al and AI@TA-Fe@PDTTS and water was studied in detail,
as shown in Fig.8. Pure Al gradually settles to the bottom of the water after
being added to the water, and is dispersed in the water to form a suspension
after vigorous shaking. In contrast, Al@TA-Fe@PDTTS float directly on the
water after being added to water. Even after violent shaking, Al@TA-
Fe@PDTTS can still float on the water. This result shows that the surface
property of AlI@TA-Fe@PDTTS has changed significantly relative to pure Al, In
addition, it can also be concluded that the coating of AlI@TA-Fe by PDTTS is

dense.
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Fig. 8 Photographs of (a) Al, (b) Al@PDTTS and (c) Al@TA-Fe@PDTTS entering the water,
and after severe shaking; Static water contact angles of (d) Al, (e) Al@TA-Fe@PDTTS and
(f) Al@PDTTS, and (g) Al@TA-Fe@PDTTS and (h) Al@PDTTS after 30 days in water.

In addition, the static contact angles of the samples with water were tested,
as shown in Fig.8. Pure Al powder exhibited strong hydrophilicity with an
average contact angle of only 21.0°. In contrast, surface modification
drastically enhanced hydrophobicity: Al@FPDTIS and Al@TA-Fe@PDTTS
showed average angles of 83.9° and 123.7°, respectively. This hydrophobicity
demonstrated notable persistence, retaining values of 73.3° and 102.7° even
after 30 days of water immersion. The consistently higher contact angle of
Al@TA-Fe@PDTTS compared to Al@PDTTS indicates that the TA-Fe
intermediate leyer promotes a more uniform and effective coating of the
hydrophobic PDTTS layer on the aluminum surface. These results confirm that
the surface is enriched with hydrophobic carbon and fluorine moieties,
endowing Al@TA-Fe@PDTTS with superior hydrophobicity and corrosion

resistance relative to unmodified aluminum powder!*'/,
3.4 Thermal reaction properties of AlI@eTA-Fe@PDTTS

Fig.9 shows the DSC/TG curves of Al and Al@TA-Fe@PDTTS in an argon
atmosphere. In the temperature range of 0-800 °C, pure aluminum powder has
a melting endothermic peak at 660 °C and no weight loss process. According
to the thermogravimetric analysis of the sample in an argon atmosphere

(Fig.9), the total mass loss caused by the decomposition of the TA-Fe and



PDTTS coatings is approximately 25 wt%. Therefore, the content of active
metal Al in the AI@TA-Fe@PDTTS composite material is approximately 75 wt%.
The DSC curve of Al@TA-Fe@PDTTS shows that the peak at 327.7 °C is the
decomposition peak of TA, followed by a small exothermic peak for the
decomposition peak of PDTTS; the peak at 660 °C is the characteristic
endothermic peak of aluminum. The peak at 653 °C is the redox exothermic
peak generated by the reaction between aluminum and the decomposition
products of TA and PDTTS coating. The thermal decomposition behavior of
Al@TA-Fe@PDTTS was elucidated by thermogravimetric (TG) analysis. A
gradual weight loss initiates at approximately 110 °C, attributable primarily
to the initial thermal decomposition of the tannic acid (TA) component. A
pronounced acceleration in mass loss occurs around 300 °C, coinciding with
the continued decomposition of TA and the onset of therinal degradation for
the PDTTS layer!*?]. This major mass loss stage concludes near 510 °C, with
the maximum total weight loss of about 25 wt% attained at 550 °C. Notably, a
brief mass gain is observed between 610 °C and 655 °C. This mass gain
corresponds temporally to a distinct redox exothermic peak at 653 °C in the
DSC curve. Collectively, these results demonstrate that the AI@TA-Fe@PDTTS
composite undergoes exothermic reactions and associated mass changes well
below the melting point of aluminum (660 °C). The heat released from these
pre-melting reactions can thereby facilitate and promote the subsequent
oxidation of the metallic aluminum core, a process not observed for pristine

aluminum powder under the same conditions.
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Fig. 9 TG/DSC curves of Al and AI@TA-Fe@PDTTS with the heating rate of 10 K/min
in the Ar atmosphere.

In addition, the combustion characteristics of both pure Al and the
Al@TA-Fe@PDTTS composite were evaluated in air. Samples were heated at
600 °C and 800 °C for 10 min under ambient atmosphere, after which the solid
residues were collected for morphological analysis. As shown in Fig.10, SEM
images of the pure aluminum powder after trealment at 600 °C reveal that
most particles largely retained their original spherical morphology, indicating
limited oxidation. Even at 800 °C, only a minor fraction of the pure Al particles
exhibited signs of shell fracture, with the majority remaining intact and
spherical. These observations confirm that pure aluminum powder undergoes
minimal oxidation in air, even at elevated temperatures.

In striking contrast, the AlI@TA-Fe@PDTTS composite displayed markedly
different behavior. After exposure at 600 °C, a substantial portion of the
particles had transformed into irregular fragments, deviating completely from
the initial spherical shape. When the temperature was raised to 800 °C, this
fragmentation became predominant, yielding a large quantity of irregular
debris. The onset of pronounced morphological change at temperatures below
the melting point of aluminum (660 °C) demonstrates that the TA-Fe@PDTTS
dual-interface layer effectively destabilizes the native oxide shell and promotes

the oxidation of the underlying aluminum core.



Fig. 10 SEM images of the reaction products: (a) Al powder at 600 °C; (b) Al powder at
800 °C; (c) Magnified view of Al powder at 800 °C; (d) Al@TA-Fe@PDTTS at 600 °C; (e)
Al@TA-Fe@PDTTS at 800 °C; (f) Magnified view of Al@TA-Fe@PDTTS at 800 °C. All
reactions were conducted in air atmosphere.

X-ray diffraction (XRD) was employed to analyze the phase composition of
the combustion residues from Al@TA-Fe@FPDTTS (Fig.11). The diffraction
patterns indicate that the primary product is crystalline Al2Os, accompanied
by minor phases of AlFs and residual unreacted Al. This phase assemblage
confirms that fluorine, released {from the thermal decomposition of the PDTTS
coating, actively participates in the oxidation process of aluminum. The
formation of AllFs is particularly significant; its characteristic porous structure
substantially increases the interfacial contact area between the remaining
aluminum and the ambient oxidant. Furthermore, the porous network
facilitates the diffusion of aluminum species, thereby accelerating the energy
release rate and enhancing the overall combustion kinetics!??. Collectively,
these findings demonstrate that the TA-Fe@PDTTS dual coating effectively
promotes the oxidation of aluminum. Notably, it enables and catalyzes this
oxidation reaction at temperatures below the melting point of

aluminum!'3 18431,
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Fig. 11 XRD patterns of the calcined products obtained at 800 °C: (a) Pure Al; (b) AI@TA-
Fe@PDTTS.

Based on the comprehensive thermal analysis, combustion product
characterization, a stepwise reaction mechanism for AlI@TA-Fe@PDTTS
during heating is proposed.

Firstly, coating decomposition and reactive species generation (300 -
500 °C): Upon heating, the outer PDTTS layer and the inner TA-Fe network
undergo sequential thermal decomposition. The TA-Fe complex decomposes
first (~327 °C), followed by PDTTS decomposition (Reactions 2 &3) at slightly
higher temperatures. These processes release gaseous products and highly
reactive fluorine-containing radicals (e.g., F:, CxF:) and fluorocarbon

fragments crucially.
g
0A-[Je Network-[Jases ([JO, C[],, [I,[1) + Fe-[Jontaining residues (2)

0
ODTTS-[i0, + Cx['(0d) + F - (Qadicals) + Hydrocarbons (3)

Besides, oxide shell corrosion and cracking (500 - 660 °C): The released
fluorine species diffuse through defects in the native Al;O3 shell and
aggressively react with it. This fluorination reaction converts the high-melting-
point Al;Oj3 into volatile AlF3(Reactions 4). The formation and subsequent
sublimation of AlF3 create and widen pores and cracks within the inert oxide

shell, significantly compromising its integrity and barrier function.



00,05(0) + 60 - (or 0.0 -)~20l03(0) + 3
/2[0,(0) (or other oxygenated products) (4)

Finally, enhanced aluminum oxidation (Above 660 °C and even below): The
cracked and weakened oxide shell can no longer effectively protect the
metallic Al core. Oxygen from the environment (or released during earlier
decomposition steps) can now readily access the fresh Al surface through the
channels created!’*'>], This leads to a strongly exothermic oxidation reaction
(Reaction5). Notably, the heat released from the exothermic coating
decomposition and the initial fluorination reactions (evident as the exothermic
peak at 653 °C in DSC) can pre-heat the particle, enabling the onset of
significant Al oxidation even slightly below its bulk melting point (660 °C), as

observed in the 600 °C furnace experiments.

401(0) + 302(0)~201x03(0) 5)

This synergistic mechanism-where the coating acts both as a fluorine
source to corrode the oxide bairier and as a pre-ignition fuel to provide local
heating-effectively overcomes the ignition and combustion limitations of

conventional Al powder. The entire process is shown in Fig.12.

PDTTS thermal
decomposition
T

AlF,; volatilization

Al@TA-Fe@PDTTS

) Dw @
oA]F 3y volatilization . °

Fig. 12 Schematic diagram of the mechanism of aluminum combustion catalyzed by TA-
Fe@PDTTS

3.5 Effect of Al@TA-Fe@PDTTS on catalytic thermal

decomposition of AP



In order to study the catalytic decomposition of AP by AlI@TA-Fe@PDTTS,
Al@TA-Fe@PDTTS and AP were mixed at a mass ratio of 9:1, and then AlI@TA-
Fe@PDTTS/AP and AP were performed DSC analysis in an Ar atmosphere., as
shown in Fig.13. It can be seen from the DSC curve that AI@TA-Fe@PDTTS/AP
and AP have one endothermic peak and two exothermic peaks. The
endothermic peak at 247 °C is formed by the transformation of AP from an
orthorhombic structure to a cubic structure. After adding Al@TA-Fe@PDTTS,
the high temperature decomposition peak of AP dropped from 422.3 °C to
380.4 °C. In addition, the exothermic peak of the high-temperature
decomposition stage of AP in AI@TA-Fe@PDTTS/AP is much larger than that
of pure AP, which may be due to two reasons. One is that the decomposition
temperature range of TA-Fe@PDTTS coincides with the high-temperature
decomposition range of AP, and the other is that the TA-Fe layer significantly
improves the thermal decomposition stage of AP. The results show that AI@TA-
Fe@PDTTS can significantly reduce the peak temperature of high-

temperature decomposition of AP.
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Fig.13 DSC curves of pure AP and Al@TA-Fe@PDTTS/AP with the heating rate of 10
K-min'! in the Ar atmosphere.

The heat release of combustion is an important parameter for measuring the
energy materials. The energy release level of energetic materials can be
intuitively seen through the combustion heat value. The combustion heat of

Al/AP and AlI@TA-Fe@PDTTS/AP mixtures was measured under different



oxygen pressures (3 MPa, 2 MPa, 1 MPa, and 0.5 MPa) using an oxygen bomb
calorimeter. Each sample was measured three times and the average value
was taken. The results are shown in Fig.14. It can be found that when the
oxygen pressure dropped from 3 MPa to 1 MPa, the combustion heat values of
both samples decreased slightly. Under the same oxygen pressure, the
combustion heat value of Al@TA-Fe@PDTTS/AP is always slightly higher than
that of Al/AP. This is because although the composite structure can promote
heat and mass transfer'**), since the combustion of aluminum powder in an
oxygen-rich environment is relatively complete, the introduction of TA-Fe and
PDTTS coatings has limited effect on the improvement of the combustion heat
value of Al. When the oxygen pressure drops from 1 MPa to 0.5 MPa, the
combustion heat value of the AlI/AP and AlI@TA-Fe@PDTTS/AP mixtures
decreases significantly from 25.716 KkJ-mol! and 26.027 KkJ-mol! (the
difference between the two is 0.311 kJ-moll) to 22.331 kJ-mol! and 23.728
k]-mol! (the difference between the two is 1.397 kJ-moll). The above results
show that the coating layer on the surface of aluminum powder has a more
significant effect on the combustion of aluminum powder in a low-oxygen
environment, which also confirms our previous analysis of the thermal

decomposition mechanism of AI@TA-Fe@PDTTS during heating.
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Fig.14 Combustion heat values of samples at different oxygen pressures.

Ignition delay time is one of the indicators of ignition reliability and one of
the important factors affecting the tactical performance and accuracy of
energetic materials and equipment. The ignition delay time here is defined as
the time delay required for the sample to ignite and burn normally after
receiving laser energy stimulation. In the laser ignition experiment, the time
difference between the appearance of the laser signal and the appearance of
the sample ignition signal is identified as the ignition delay time. The results
are shown in Fig.S4. The ignition delay times of Al/AP and Al@TA-
Fe@PDTTS/AP are 13.2 ms and 4.8 ms, respectively. The introduction of TA-
Fe and PDTTS coating layers can effectively shorten the ignition delay time of
the mixture.

Besides, the performance metrics of the AI@TA-Fe@PDTTS composite
(including exotherm onset, total energy release, ignition delay time, and
combustion duration) have been systematically compared with those of typical
coated aluminum powder systems reported in the literature. The results are

presented in Table 2.

Table 2 The performance metrics of typical coated aluminum powder systems

Toniti
Composite Exotherm Total Energy g};)l;lic;on Combustion Contact Ref
System Omnset (°C) Release(DSC) . y Duration Angle
Time
Al@TA- This
653 978.35 4.8 >500 123.7°
Fe@PDTTS Jig ms ms work
Al@TA-
494 - - - 79.21° 20
Fe@PVDF
Al@PVDF 480.27 480.27 J/g 16 ms 79 ms - 18
Al@PTFE 386 2.43 KJ/g - - 118° 16,17
AI@APFO 597 12.6 kJ/g 0.45s - - 24

The combustion process of Al/AP and Al@TA-Fe@PDTTS/AP is shown in
Fig.15. The combustion time of the AI/AP mixture is 250 ms, while the
combustion time of the AlI@TA-Fe@PDTTS/AP mixture exceeds 500 ms.
Comparing the combustion of the two samples, in the combustion process of

the AlI/AP mixture, the intense combustion lasts for a shorter time and the
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flame formed is smaller. The combustion of the Al@TA-Fe@PDTTS/AP mixture
is more intense, the combustion area formed is larger, and the intense
combustion lasts for a longer time. Compared with Al/AP, Al@TA-
Fe@PDTTS/AP starts to burn violently earlier and forms more sparks. The
above results show that the composite structure of AlI@TA-Fe@PDTTS has a
larger contact area, which is conducive to heat and mass transfer, resulting in
a faster combustion response of the mixture and a higher degree of

combustion.

(a) Al@TA-Fe@PDTTS/AP

. . s | ik ) ‘ ‘ d & |a
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Fig.15 Laser ignition combustion process of Al/AP and AI@TA-Fe@PDTTS/AP samples.

4. Conclusion

In this paper, a dual core-shell structured aluminum-based composite,
denoted as AlI@TA-Fe@PDTTS, was successfully fabricated. Comprehensive
morphological and compositional analyses confirm the uniform deposition of
both the inner TA-Fe coordination layer and the outer fluorosilane (PDTTS)
shell onto the aluminum particles. This engineered surface imparts
significantly enhance hydrophobicity to the composite compared to pure
aluminum powder. Molecular dynamics simulations provide theoretical
support for the coating stability, revealing a substantial binding energy of
498.21 kcal'mol! between PDTTS and the TA layer, and an even stronger
interaction of 782.36 kcal'mol! between TA and the native Al20Os surface.

The dual coating profoundly alters the high-temperature reaction pathway



of aluminum. It enables the oxidation of aluminum to initiate below its melting
point in an air atmosphere. When combined with AP, the AI@TA-Fe@PDTTS
composite acts as a potent catalyst, lowering the peak high-temperature
decomposition temperature of AP by 41.9 °C. Furthermore, the AlI@TA-
Fe@PDTTS/AP mixture exhibits a consistently higher combustion calorific
value than the conventional AI/AP blend, with the performance advantage
being particularly pronounced under low-oxygen-pressure conditions.
Combustion diagnostics verify that the composite mixture has a faster reaction
rate and more complete combustion, evidenced by a drastic reduction in

ignition delay time from 13.2 ms to 4.8 ms.
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