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Fluorine-containing compounds have proven to be effective coating materials for enhancing the com-
bustion efficiency of aluminum micro-particles (Al MPs). However, these compounds are usually low-
energy polymeric materials, which may inevitably diminish the overall energy density of propellants
or explosives. This study introduces a two-step coating strategy using fluorinated energetic small-
molecule 2-NCF to coat Al MPs, employing FeCls as an intermediate layer. Compared to pristine Al
MPs, 2-NCF coated Al MPs can reduce the ignition delay from 36 ms to 3 ms and shorten the time to
maximum flame area from 551 ms to 114 ms, accompanied by intensified sparking combustion. Thermal
analyses demonstrate that the energetic 2-NCF induces localized micro-explosions to disrupt the
alumina shell, and the fluorinated segments produced by 2-NCF react with the aluminum, followed by
B-AlFs to a-AlF3 phase evolution, which sustains oxygen penetration for complete aluminum core
oxidation to release more energy. The 2-NCF coating concurrently enhances hydrophobicity of Al MPs,
elevating contact angles from 0° to 120°. This coating can effectively block water penetration and
prevent hydrolysis of the inner aluminum during long storage. This work demonstrates the potential of
2-NCF as an excellent high-energetic coating material to enhance the combustion and hydrophobic
performance of aluminum powder.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

MPs' interior, which results in an increased ignition temperature
and exacerbates the agglomeration and two-phase flow phe-

Aluminum powder, typically in micrometer-sized particles,
has been widely used in the field of propellants and explosives
[1—4], due to its excellent properties, such as high energy den-
sity [5—7], low oxygen consumption, outstanding energy release
efficiency [8], and low cost. However, aluminum micro-particles
(Al MPs) readily form a dense layer of aluminum oxide (Al,03)
on its surface, and its melting point (2072 °C) is significantly
higher than that of aluminum (660 °C) [9,10]. This oxide layer
hinders the further combustion and energy release of the Al
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nomena, thereby reducing the specific impulse of propellants
[11—-14]. Furthermore, Al MPs are highly susceptible to reacting
with water, leading to their deactivation, particularly when
utilized in underwater weapons [15,16]. Consequently, achieving
high combustion efficiency, lowering the ignition temperature,
and enhancing the hydrophobicity of Al MPs are among the
most critical research directions in the field of weapons with
energetic materials.

An effective method to enhance the combustion and hydro-
phobic performance of Al MPs is to coat combustion-enhancing
materials or waterproof materials on their surfaces. It has been
reported that polymeric materials with high fluorine content,
like PTFE [17—20], PVDF [21—23], and PFPE [24,25], can release
highly oxidative HF gases, which effectively degrade the
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aluminum oxide shell and form gaseous AlF3; [26,27], improving
the combustion efficiency of aluminum. Also, the exothermic
reaction between aluminum and fluorine liberates energy of
about 56.10 kJ-g~, nearly doubling the 30.98 k]-g~! output
observed in aluminum-oxygen combustion processes, thus
releasing more energy [28]. Lots of effort has been devoted to
coating the surface of Al MPs with fluoropolymers. For example,
Hu et al. [29] employed the evaporation-induced self-assembly
(EISA) method to coat polytetrafluoroethylene (PTFE) onto the
surface of Al particles. Li et al. [30] constructed a polydopamine-
fluorinated (PF) coating on Al surface through the covalent
modification of polydopamine (PDA) with thiol-terminated
organic fluorides. Wang et al. [31] synthesized a triblock
copolymer (G-F-G) through the ring-opening addition reaction
of glycidyl azide polymer (GAP) with 2,2'-(2,2,3,3,4,5,5-
octafluorohexane-1,6-diyl) bis (oxirane) (fluoride), which
firmly adhere to the surface of the Al powder. Huang et al. [9]
developed a core-shell structured AI@(PFDTES/GAP) through
hydrolysis of perfluorodecyltriethoxysilane (PFDTES) and co-
reaction with glycidyl azide polymer (GAP) on aluminum pow-
der surfaces. For enhancing the hydrophobicity of Al MPs,
methods such as surface modification, nanocoating, and self-
assembled monolayers can be employed [31—33]. These tech-
niques reduce the contact between water molecules and Al MPs
by forming a low surface energy protective film or introducing
hydrophobic groups, thereby improving its hydrophobic prop-
erties [34,35]. However, those coating strategies typically
involve more complex manufacturing processes. More critically,
these polymer fluorocompounds generally lack energy content,
and an excessive amount of those coating materials will inevi-
tably reduce the overall energy density of propellants or ex-
plosives. Therefore, it is necessary to consider adopting an high-
energetic coating material that can be applied to Al MPs through
a relatively simple process, simultaneously enhancing their
combustion and hydrophobic performance.

Herein, we developed a straightforward two-step method to
coat the surface of Al MPs using a fluorine-containing energetic
material, dinitro-5,5-bis(trifluoromethyl)hexahydroimidazo[4,5-
d]imidazole-2(1H)-one (2-NCF), which possesses energetic func-
tional groups, i.e. two nitrogen-rich heterocyclic rings and two nitro
groups. Initially, FeCl; was applied to coat Al MPs as an intermediate
layer, using single-solvent method. Then, 2-NCF was introduced to
the surface of Al MPs forming a uniform coating layer. As a contrast,
the characteristics of pristine Al MPs, 2-NCF coated Al MPs and their
physical mixture samples were tested. Simultaneously, a laser
combustion apparatus is utilized to confirm the improvement on
ignition and combustion characteristics of Al MPs facilitated by 2-
NCEF. Preliminary investigations have also been conducted into the
interfacial interaction between 2-NCF and the surface of Al MPs, as
well as its combustion-promoting mechanism. Moreover, the
contact angle measurement and the long-term water resistance
experiment are conducted to evaluate the hydrophobic perfor-
mance of coated Al MPs. This research provides a new strategy and
fundamental data for enhancing the combustion and hydrophobic
properties of Al MPs.

2. Materials and Methods
2.1. Materials

Al MPs (the particle size is 0.5—3.0 pm) was purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 2-
NCF was synthesized by our laboratory (the detailed synthesis
method and structural characterization data of 2-NCF are pro-
vided in the Supplementary Material, Fig. S1, as they are not the

focus of this work, they will not be described in detail here).
N,N-dimethylformamide (DMF, 99%) were purchased from Bei-
jing Bailingwei Technology Co., Ltd. Ferric chloride (98%) was
obtained from Anhui Senrise Technology Co., Ltd. All the mate-
rials were utilized as received, without any further purification.

2.2. Preparation of coated Al MPs

The synthesis of coated Al MPs is operated at room tempera-
ture, and the process is illustrated in Fig. 1. Under a nitrogen at-
mosphere, 0.1 g Al MPs was added to 50 ml DMF under sonication
for 30 min, followed by mechanical stirring for 30 min. Then,
0.006 g ferric chloride was introduced into the above suspension.
After stirring for 1 h, 2-NCF was added to the suspension. The mass
ratio of Al MPs to 2-NCF was 6:1, 4:1 and 1:1, denoted as TO-1, TO-
2, TO-3, respectively. After another 6 h stirring, the particles were
recovered by phase separation and rotatory evaporation, and
finally dried under vacuum at 60 °C for 12 h. Additionally, Al MPs
and 2-NCF were ground and mixed in a mortar with a mass ratio of
1:1, and the mixture was named as TO-P.

2.3. Characterization of coated Al MPs

The scanning electron microscope (SEM, Zeiss GeminiSEM 360)
and energy dispersive spectroscopy (EDS) images were obtained at
room temperture with a working distance of 8.5 mm, and an ac-
celeration voltage of 5 or 10 kV. All samples underwent Au sput-
tering treatment. Transmission electron microscope (TEM, JEOL
JEM-2100 Plus) was utilized to examine the structure of the
samples, operating at an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi) was utilized to analyze the elements and their oxidation
states on the surface of the material. Fourier transform infrared
spectroscopy (FT-IR, Thermo IS5) and X-ray diffraction (XRD, Ul-
tima IV) were employed to characterize the molecular and crys-
talline structure of the samples.

The thermal properties of the samples were analyzed using a
simultaneous thermal analysis (TG-DSC, Mettler-Toledo TGA/
DSC3*) across a temperature range of 40—1100 °C, with a heat-
ing rate of 20 °C:min~! in an air atmosphere. The samples were
contained in aluminum oxide crucibles. The ignition of the
samples were conducted on the homemade ignition system, as
shown in Fig. S2. The system mainly consists of a laser ignition
device, a high-speed camera, and a synchronous signal gener-
ator. At room temperature and 1 atm (1 atm = 101.325 kPa), the
combustion of each sample (0.5 g) was carried out in the com-
bustion chamber with highly transmissive and temperature-
resistant quartz glass. The laser beam is converged by
20 x micro-scope objective (Olympus, Tokyo, Japan), finally
entrance vertically into the chamber to ignite the particles. The
ignition laser power was 34 W. A high-speed camera (Phantom
VEO E310L) captures images of flame propagation at a rate of
2500 frames per second, spanning the entire process from
ignition to the completion of combustion. Each ignition event is
triggered simultaneously by the synchronous signal generator,
activating both the ignition device and the high-speed camera
for imaging, thereby ensuring the accuracy of the experimental
process. The hydrophobic performance of the samples was
tested using the OCA15EC contact angle goniometer. The long-
term water resistance experiment was conducted by placing
0.5 g samples in 1 cm-diameter glass weighing bottles. The
bottles were then stored in environments with different rela-
tively humidity levels (RH) for two weeks. After this period, the
samples were retrieved and characterized.
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Fig. 1. The synthesis process of coated Al MPs.

3. Results and Discussion
3.1. Structure characteristics and interfacial interaction

Fig. 2 shows XRD patterns of pristine Al MPs, 2-NCF coated Al
MPs and their physical mixture samples. The diffraction peaks for
all samples align with the characteristic diffraction peaks of the
metallic Al standard card (JCPDS No. 04-0787). Peaks observed at
38.4°, 44.9°, 65.2°, 78.2°, and 82.5° correspond to the (1 1 1),
(200),(220),(311),and (2 2 2) crystal planes of Al, respectively.
These results suggest that 2-NCF only coats the surface of MPs and
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Fig. 2. XRD images of pristine Al MPs, 2-NCF coated Al MPs and their physical mixture
samples.

has no effect on the bulk crystal phase. Moreover, there are some
peaks observed within the range of 10° to 35° in both the 2-NCF
coated Al MPs and their physical mixture samples, attributed to
the characteristic diffraction peaks of 2-NCF.

SEM-EDS and TEM images in Fig. 3 show the size and surface
appearance of pristine Al MPs and coated Al MPs. As show in
Fig. 3(a), the pristine Al MPs exhibit a smooth surface with a size
distribution of 0.5—3 um, determined through particle size anal-
ysis using Image J software based on statistical measurements of at
least 300 particles in the SEM image and there is ca. 4.2 nm
thickness layer of Al;03 on its surface (Fig. 3(g)). After being coated
with varying amounts of 2-NCF, the surfaces of Al MPs exhibit
different characteristics. When the coating amount of 2-NCF is
relatively low (TO-1), the coating is non-uniform (Fig. 3(b)).
Conversely, an excessive coating amount (TO-3) results in a rela-
tively rough and uneven particle surface (Fig. 3(d)). When the
coating amount of 2-NCF is appropriate (TO-2), a relatively uni-
form deposition layer is formed on the surface of the Al MPs
(Fig. 3(c)). TEM image (Fig. 3(h)—(j)) shows that the borderline of
coated MPs is not so clear due to the existence of organic layer, and
the presence of C, N, O, and F elements in the EDS test confirmed
that the coating layer was composed of 2-NCF, while the Fe
element originated from FeCls (Fig. 3(f)), an intermediate coating
used during the preparation process. It has been reported that the
Al>03 shell can be partially corroded by FeCls [36], resulting in the
formation of small cavities on its surface (as observed in Fig. S3).
Then, FeCls would become lodged within these cavities [36]. The
nitrogen atoms in 2-NCF, which possess lone pair electrons, can
form coordination bonds with Fe**, thereby facilitating 2-NCF
uniform deposition onto the surface of the Al MPs [37,38]. In
contrast, for physically mixed sample, 2-NCF was merely dispersed
in the interstices between the Al MPs or adhered sparsely to the
surface of the Al MPs, without forming a uniform coating on their
surfaces (Fig. 3(e)).
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Fig. 3. SEM images of (a) pristine Al MPs, (b) TO-1, (c) TO-2, (d) TO-3, (e) TO-P, and (f) EDS images of TO-3. TEM image of (g) pristine Al MPs, (h) TO-1, (i) TO-2, and (j) TO-3.

IR spectra and XPS characterization were used to further detect
the bonding between 2-NCF and Al MPs. As shown in Fig. 4(a), the
N—H stretching vibration (3410 cm~!), N—H flexural vibration
(650—750 cm™!) peaks of coated Al NPs are obviously weakened
compared with pure 2-NCF, suggesting the N—H groups may
interact with Al atoms. Meanwhile, three samples with different
ratios (TO-1, TO-2, TO-3) all exhibited characteristic peaks near
1612 cm™ !, attributed to the N-NO; stretching vibration of 2-NCF,
further confirming the presence of 2-NCF. The XPS spectra depic-
ted in Fig. 4(b) reveal the presence of additional N 1s, F 1s, and Fe
2p peaks in both the coated Al MPs and the physical mixture
samples, attributable to the existence of 2-NCF and FeCls.
Furthermore, the C—F peak at 293.5 eV, which corresponds to the
—CF3 groups of 2-NCF in both TO-3 and TO-P (as shown in
Fig. 4(c)), also supports this observation. Explanatorily, the C—C
peak at 284.6 eV and the C=0 peak at 288.0 eV in the C 1s spectra
of the Al MPs originate from carbon present in the atmosphere.
Obviously, the peak intensities of Al 2s and Al 2p in coated Al MPs
and physical mixture samples are weakened compared with
pristine Al MPs (Fig. 4(b)), which may be attributed to the coverage
of the Al MPs surface by 2-NCF and FeCls. The binding energy shifts
observed in the Al 2p region likely originate from steric effects
induced by the dinitro groups in 2-NCF (Fig. 4(d)). In the N 1s re-
gion, no N 1s peaks are observable in Al MPs, whereas distinct
peaks appear at 401.4 eV and 407.7 eV in both TO-3 and TO-P,
which are attributed to the C—N bond and —NO, groups of 2-
NCF, respectively (Fig. 4(e)). Notably, in the coated Al MPs, there
exists a peak at 399.4 eV that is absent in TO-P, and this peak may
be assigned to Fe-N>”. It can be inferred that when 2-NCF is present
in the solvent, the H atom of its N—H group becomes relatively
reactive and tends to detach, leaving the N atom negatively
charged with a lone pair of electrons. As a Lewis base, this nega-
tively charged N atom then forms an N—Fe covalent bond with
FeCl; which acts as a Lewis acid.

3.2. Thermal decomposition and energy release process

TG analysis was conducted to quantify the amount of 2-NCF
chelated on the surface of Al MPs and to assess the thermal
decomposition process of all samples in an air atmosphere. As
shown in Fig. 5(a), pristine Al MPs exhibit no weight change before
600 °C due to the hindrance effect of the surface alumina layer
[38]. In contrast, the weight changes of the other four samples
containing 2-NCF primarily undergo four stages. The slight weight
loss before 200 °C originate from the evaporation of residual sol-
vents. Subsequently, a significant mass loss begins around 200 °C,
primarily attributed to the decomposition of 2-NCF (2-NCF de-
composes almost completely at around 200 °C, as shown in
Fig. S4), corresponding to the exothermic peak at about 200 °C
in the DSC curve (Fig. 5(b), Fig. S5). The mass loss for TO-1, TO-2,
TO-3, and the physical mixture is 14.3%, 18.6%, 47.2%, and 51.8%,
respectively, which aligns with the amount of 2-NCF added.

Similar to pristine Al MPs, all samples exhibit two stages of
mass increase at 625—680 °C and 800—1100 °C (Fig. 5(a)). The
weight gain of pristine Al MPs at 625 °C may relate to phase
change of alumina layer, during which a small amount of
aluminum undergoes an oxidation reaction [39]. Other samples
also exhibit similar phenomena within this temperature range, as
verified by the exothermic peak in the DSC curve (Fig. 5(b)). A
slight mass increase is then observed before 700 °C, which is
attributed to the melting, and this melting process is also
accompanied by an endothermic peak (660 °C) in the DSC curve
(Fig. 5(b)). As the temperature continued to rise, the continued
mass increase of the samples is mainly due to the oxidation of
aluminum [40]. In the final stage, pristine Al MPs begin to gain
mass from 800 °C, with a total mass increase of 63.1% by 1100 °C.
The trend in mass increase for the physical mixture is similar to
pristine Al MPs, with a total mass increase of 20.7% by 1100 °C.
However, the coated Al MPs (TO-1, TO-2, and TO-3) begin to gain
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mass near 900 °C and cease gaining mass at 1040 °C, indicating
that the reaction of Al MPs has ended at this point. It has been
reported that the inert aluminum oxide layer on the surface of Al
MPs can react with fluorine-containing materials to form B-AlFs
[25,28,40,41]. Therefore, it is inferred that after the decomposition
of 2-NCF, the exposed aluminum may react with the generated F to
form B-AlFs, which coats the surface of Al MPs and isolates it from
oxygen, resulting in a delay in the initial temperature of mass in-
crease for the coated Al MPs samples from 800 °C for pristine Al
MPs to nearly 900 °C. As the temperature further increases, 3-AlFs
transforms into o-AlF3 [43,44], exposing the Al core to the atmo-
sphere and triggering a vigorous oxidation reaction. It is evident
that the heat flow release of coated Al MPs is also significantly
greater than that of pristine Al MPs in the DSC curve at
800—1100 °C (Fig. 5(b)). Notably, the mass gain of the three coated
Al MPs samples gradually increased with the increasing amount of
2-NCF, specifically 16.2%, 26.7%, and 28.1%. Due to the complete
reaction of aluminum and the sublimation of AlF; 43[45], the mass
gain of the coated Al MPs samples are significantly lower than that
of pristine Al MPs.

3.3. Ignition and combustion properties

A diode laser ignition experiment is conducted to evaluate the
ignition and combustion property of different samples. The com-
bustion process images are simultaneously recorded by a high-
speed camera, as presented in Fig. 6. The time t = 0 ms in this
experiment is defined as the instant when the camera captures the
first frame after laser irradiation, and the ignition delay (ID) time is
defined as the time interval between t = 0 ms and the first
appearance of flame, which means the ignition process is ended
and the combustion process begins. Fig. 6(a) shows the initial
flame ignition of pristine Al MPs at 36 ms, subsequently followed
by a weak yet sustained combustion process lasting about 500 ms,
which indicates that the combustion process of Al MPs is sluggish

(@)

(b) 30 ms

©

@

(e)

and incompletely reactive. At around 593 ms, the most prominent
flame is recorded, which persists until 666 ms. Evidently, as shown
in Fig. 6(b)—(e), after coating 2-NCF onto the surface of Al MPs, the
combustion flame of coated Al MPs becomes more intense and
luminous. Furthermore, the coated Al MPs exhibit a notably more
vigorous combustion process in comparison to the physical
mixture. For instance, the combustion flame of TO-2 exhibits a
particularly intense and jet-like appearance, accompanied by
numerous sparks at 82 ms. This phenomenon is most likely
attributable to the decomposition of 2-NCF, which generates a
substantial amount of gas (Fig. S6), causing Al MPs in the com-
bustion process to splatter. Subsequently, the flame undergoes a
process of diminishing and then intensifying, reaching its
maximum flame area at 409 ms. This phenomenon echoes the
previous DSC analysis results (Fig. 5), indicating that the dense B-
AlF; layer formed on the surface of Al MPs temporarily hinders the
oxidation reaction and energy release. As this layer transforms into
a loose a-AlFs, the Al MPs undergo secondary combustion, leading
to a larger and more intense flame. The heat release values ob-
tained via DSC integration also confirm that the combustion heat
of 2-NCF coated Al MPs (15428 J-g~') and their physical mixture
(12365 J-.g~1) is significantly higher than that of pristine Al MPs
(6560 J-g~1) (Fig. 5(b)). Moreover, the ID time of Al MPs is signifi-
cantly shortened by the addition of 2-NCF. As summarized in
Fig. 7(a), the ID times for TO-1, TO-2, TO-3, and TO-P are recor-
ded at 18, 3, 16, and 30 ms, respectively. These represent re-
ductions of 50%, 91.7%, 55.5%, and 16.7% compared to pristine Al
MPs (36 ms). When the coating amount of 2-NCF is either too high
or too low, its own combustion and decomposition require time, or
the gas generation volume is relatively small, both of which will
result in a comparatively longer ignition time for the coated
aluminum powder. When the 2-NCF coating amount is appro-
priate (TO-2), the coating is more uniform and the ignition delay
time is minimized. Additionally, the times taken for TO-1, TO-2,
TO-3, and TO-P to reach their maximum flame areas (MFA) are

434 ms

Fig. 6. Ignition and combustion images of (a) pristine Al MPs, (b) TO-P, (c) TO-1, (d) TO-2, and (e) TO-3.
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Fig. 7. The (a) ID time and (b) MFA time of different samples.

shortened to 461, 409, 114 and 486 ms, whereas this time is 551 ms
for pristine Al MPs (Fig. 7(b)). Therefore, it is evident that 2-NCF
has a positive impact on the combustion process of Al MPs.
Further, SEM images in Fig. 8 shows the morphology of the
combustion residues. After combustion, a significant number of
pristine Al MPs retain their intact spherical shapes, indicating that
the alumina layer indeed hinder the reaction of the Al MPs, which
corresponds to the faint combustion observed in Fig. 6(a). Among
them, small area collapses are observed on the surface of some Al
MPs due to the melting of Al at high temperatures (>650 °C). The
stress generated by expansion caused cracks in the alumina shell,
allowing the inner molten Al to react with air through the cracks.
However, an oxide layer is quickly formed again, limiting the
continued reaction of the Al MPs [46,47]. The XRD pattern also
indicates that the pristine Al MPs are not fully reacted, and the
main component of the residues remains Al (Fig. 8(f)). Notably, the
combustion residues after adding 2-NCF exhibit many fragmented
pieces or hollow spherical shells with obvious holes on their

surface. Moreover, the combustion residues of coated Al MPs are
more fragmented than those of their physical mixture
(Fig. 8(b)—(e)), suggesting that the Al MPs burned more thor-
oughly after adding 2-NCF, which is confirmed by the character-
istic peaks of alumina in the XRD (Fig. 8(f)). In particular, unlike the
relatively smooth surfaces of the combustion residues of pristine
Al MPs and physical mixtures, the surfaces of the coated Al MPs
residues presented rough granular substances. Through XRD
analysis (Fig. 8(f)), peaks corresponding to AlF; are detected
among these substances, indicating that the HF and fluorinated
fragments generated from the decomposition of 2-NCF (as illus-
trated in Fig. S6) have reacted with alumina. Since AlF3 sublimates
at 1277 °C (0.1 MPa), which is much lower than the combustion
temperature (1715—2000 °C) of Al particles [45], so only part of
AlF; still remains in the combustion residues, which is consistent
with the findings of previous TG analyses.

Based on the above analysis of thermal decomposition and
combustion processes, as well as relevant literature reports

¢Al ¥ ALO; # AlF;

L0

Intensity

1
10 20 30 40 50 60 70 80 90
20/(°)

Fig. 8. SEM images of the combustion residues: (a) pristine Al MPs, (b) TO-P, (c) TO-1, (d) TO-2, (e) TO-3, and their (f) XRD patterns.
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[38—42], we propose a potential combustion mechanism for the 2- disrupt the alumina layer on the particle surface and expose more
NCF coated Al MPs. As shown in Fig. 9, 2-NCF initially undergoes inner aluminum for oxidation reactions. In the case of pristine Al
decomposition, yielding small molecular products such as NOy, HF, MPs, the newly formed oxide layer would hinder further Al reac-
and fluorinated segments (Fig. S6). These small molecules can tion. However, the HF and fluorinated segments produced by 2-
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Fig. 10. Contact angle test images of (a) pristine Al MPs, (b) TO-1, (c) TO-2, and (d) TO-3.
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Fig. 11. SEM images of pristine Al MPs (a) in dry and (b) humid environment, 2-NCF coated Al MPs (c) in dry and (d) humid environment after two weeks, and their (e) XRD

patterns.

NCF can react with the alumina to form a B-AlFs layer, which
would transform into o-AlF3 layer. Oxygen then permeates
through the gaps in the a-AlF5 layer to continue reacting with the
inner Al, resulting in hollow spherical combustion residues.
Simultaneously, the abundant gases generated cause the shell to
fragment, producing numerous sparks during the combustion
process. As more Al involved in the oxidation reaction, the com-
bustion of 2-NCF coated Al MPs becomes more intense, releasing
greater amount of energy.

3.4. Hydrophobic performance

The deactivation of Al MPs, particularly its reaction with water,
is commonly encountered when stored in damp environments or
utilized in underwater weaponry. The hydrophobicity level of 2-
NCF coated Al MPs is measured in a contact angle goniometer.
Generally, the contact angle # = 90° between the solid-liquid
interface acts as a boundary. When § < 90°, the solid surface
demonstrates hydrophilicity, allowing the liquid to readily wet the
solid, and smaller contact angles indicate improved wettability.
Conversely, when 6 > 90°, the solid surface exhibits hydropho-
bicity, making it challenging for the liquid to wet the solid. As
presented in Fig. 10(a), water droplets swiftly wet and permeate
the surface of pristine Al MPs, resulting in a contact angle of 0°,
indicating that the aluminum surface is in a fully hydrophilic state.
However, the contact angles of 2-NCF coated Al MPs are all over
90°, which are 105°, 110°, and 120° for TO-1, TO-2 and TO-3,
respectively (Fig. 10(b)—(d)). This suggests that 2-NCF coated Al
MPs have excellent hydrophobicity. Studies have indicated that
fluorine-containing groups, such as —CF3 and —F, exhibit strong
hydrophobic properties [48]. Furthermore, the unique rough sur-
face of the coated Al MPs (as shown in Fig. 10(b)—(d)) minimizes
the contact area between the solid and liquid interfaces. This re-
sults in the formation of an air layer between the water droplets
and the material surface, thereby enhancing the hydrophobicity of
the coated particles [49]. Thus, it can be concluded that coating Al
MPs with 2-NCF can effectively enhance their hydrophobicity,
thereby preventing aluminum from deactivation during storage or
use.

A long-term water resistance experiment is conducted, during
which samples are statically placed in two distinct environments: a
dry environment (<10% RH) and a humid environment

(80.2% + 0.4% RH) at 60 °C. Fig. 11(a)—(d) present SEM images of the
samples retrieved after two weeks. In the dry environment, both
pristine Al MPs and 2-NCF coated Al MPs exhibit no significant
morphological changes (Fig. 11(a)—(c)), and XRD analysis confirms
that their primary composition remain aluminum (Fig. 11(e)).
However, in the humid environment, the originally smooth surfaces
of pristine Al MPs become rough and are covered with small par-
ticulate matter (Fig. 11(b)). XRD results reveal new diffraction peaks
at 26 = 18.7° (020), 20.4° (110), 40.8° (200), and 53.4° (220), which
matched the diffraction pattern of Al,03-3H,0 (JCPDS #74-1119)
(Fig.11(e)). This indicates that hydrolysis occurred on the aluminum
surface, forming AI(OH)s. Notably, for the 2-NCF coated Al MPs
exposed to prolonged humid conditions, the surface remains
smooth but appears wet (Fig. 11(d)). XRD analysis further confirms
that their primary composition is still aluminum (Fig. 11(e)). This
phenomenon may be attributed to the 2-NCF coating, which ab-
sorbs moisture over time under humid conditions, resulting in a
wet surface morphology. This layer effectively blocks water pene-
tration and prevents hydrolysis of the inner aluminum.

4. Conclusions

In summary, the small-molecule fluorine-containing energetic
material (2-NCF) is successfully coated onto the surface of Al MPs
(0.5—3 um) using FeCls as an intermediate layer. The interfacial
interaction mechanism of 2-NCF coating on Al MPs is investigated
in detail through the use of SEM-EDS, TEM, FTIR, and XPS tech-
niques. FeCls initially etches the Al,O3; layer embedded on the
surface of the Al MPs, and subsequently, 2-NCF adheres tightly and
uniformly to the Al MPs surface through N-Fe chemical bonds.
Then, TG analysis reveals that 2-NCF coated Al MPs undergo four
stages: evaporation of residual solvents below 200 °C, decompo-
sition of 2-NCF at ca. 200 °C, melting of Al MPs at 650—680 °C,
fluorination and oxidation reaction of Al MPs at 800—1100 °C. To
further explore the energy release process of 2-NCF coated Al MPs,
a laser combustion test is conducted. The ignition delay time of the
coated Al MPs is reduced to 3 ms, while the ignition delay times for
pristine Al MPs and the physical mixture sample are 36 ms and
30 ms, respectively. Additionally, the MFA time of the coated Al
MPs is also shortened from 551 ms to 114 ms. Moreover, the
combustion process becomes more intense, generating numerous
sparks. DSC and combustion residue analyses confirm that 2-NCF
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enhances the oxidation reaction of Al MPs, and facilitates the
release of more energy (the combustion heat of 2-NCF coated Al
MPs (15428 J-.g~1) than that of pristine Al MPs (6560 J-.g~!). Based
on the above results, the presumed combustion mechanism is that
the small-molecule energetic material, the abundant gases
generated from 2-NCF can disrupt the alumina layer on the particle
surface and exposing more inner aluminum for oxidation re-
actions. Subsequently, fluorinated segments produced by 2-NCF
react with the alumina to form a B-AlF3 layer, which rapidly
transforms into a loose «-AlF; layer. Oxygen then permeates
through the gaps in the a-AlF; layer to continue reacting with the
inner aluminum, and the abundant gases generated cause the shell
to fragment, releasing significant energy during the combustion
process. Furthermore, 2-NCF significantly enhances the hydro-
phobicity of Al MPs, transforming the contact angles of pristine Al
MPs from 0° to 120°. The long-term water resistance experiment
further confirms that 2-NCF can effectively block water penetra-
tion and prevent hydrolysis of the inner aluminum. These results
demonstrate that 2-NCF coated Al MPs exhibit excellent perfor-
mance in ignition, combustion, and hydrophobicity due to the
combination of fluorine content and high energy-containing
properties of 2-NCF. This work may provide a new possibility for
improving the combustion and storage performance of aluminum
powder, a key component in propellants.
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