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ABSTRACT: The 1,1-diamino-2,2-dinitroethylene (FOX-7) has been
adopted in high-energy explosives. To further improve the thermal 00
safety and detonation performance of FOX-7, a microfluidic & :>€, )

A
crystallization platform with a swirl-shaped chip was employed to . ’i{ “y
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prepare ultrafine FOX-7. Results show that the crystal structure of
FOX-7 could be precisely controlled by adjusting the operational ,
parameters of microfluidic. The microfluidic techniques prepared 7\

superfine FOX-7 exhibit a consistent smaller particle size, narrower }‘; % C Ju;q

particle size distribution, reduced crystal defects, and enhanced ’ _— e

sphericity structure. On the other hand, the thermochemical properties

of FOX-7 are also improved. The thermal decomposition temperature

and critical thermal explosion temperature of ultrafine FOX-7 are increased by 24.6 and 22.1 °C, respectively. The thermal stability,
energy release efficiency, and combustion of the microfluidic recrystallization method prepared FOX-7 are greatly improved. This
research presents a secure, effective, and eco-friendly methodology for the preparation and manipulation of ultrafine FOX-7 crystals.

1. INTRODUCTION

1,1-Diamino-2,2-dinitroethylene (FOX-7) is a promising
insensitive explosive with excellent comprehensive properties,
which was first synthesized in 1998 and has attracted great
attention from energetic materials researchers.'™* However, no
matter what kind of synthesis process is adopted, FOX-7
products exhibit certain limitations such as inadequate
densification, uneven particle size distribution, and irregular
crystal morphology, which eventually limit their applica-
tions.>™® Recrystallization, as one of the most practical
methods to prepare super-refinements and to improve the
performance of explosives, plays a crucial role in crystal shape
and morphology improvement. Currently, batch kettle
crystallization is widely applied in crystallization processes
despite the drawbacks of inconsistent product quality and high
operational costs. How to improve the quality of FOX-7 has
been investigated by many scientists.

In all of the developed methods, continuous microfluidic
crystallization exhibits great promise.” "> Microfluidic tech-
nology, which enables rapid and homogeneous blending of
different fluids at a microscale within microtubules or
microchips,”> emerged during the 1990s'* and has been
applied in diverse fields, such as the preparation of fine
chemicals,">*¢ synthesis of drugs, etc.!”™" Microfluidics have
significant spatial effects due to their large specific surface area,
which can effectively increase the mass and heat transfer of
fluid. Compared with the conventional crystallization method,
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microfluidic crystallization technology has the advantages of
precise controlling crystallization environment, minimal online
sample volume, high throughput screening capabilities, and
low operational costs.””*" Microfluidic crystallization technol-
ogy can overcome the shortage of transitional technology, such
as inconsistent quality of existing explosives and poor batch
stability. This technology is especially suitable for the
continuous preparation of energetic materials with ultrafine
morphology.”*~*°

To the best of our knowledge, there have been no reports
about the preparation of micronano FOX-7 using the
microfluidic crystallization method. In this paper, a micro-
fluidic crystallization strategy for the preparation of ultrafine
FOX-7 was proposed and a comparison in crystal morphology
between the traditional batch method and microfluidic method
was made. Furthermore, the thermal properties and laser
ignition combustion performance of FOX-7 samples prepared
by using microfluidic crystallization were investigated, which
further substantiated the potential of microfluidic technology
in refining energetic materials.
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2. EXPERIMENTAL SECTION

2.1. Regents and Materials. FOX-7 with a mass fraction
purity of 98% was synthesized by Xi'an Modern Chemistry
Research Institute (Xi'an, China). Dimethyl sulfoxide
(DMSO), N,N-dimethylformanmide (DMF), and anhydrous
ethanol were of analysis reagent grade and purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
For the experiments, the deionized water was obtained through
double purification using a sub-boiling distillation device.

2.2. Microfluidic Simulation. The two-phase fluid mixing
in microfluidic chips was investigated using ANSYS FLUENT
software. The inlet fluids are water and DMSO respectively
and are set as viscous and incompressible fluids. The physical
property parameters of H,O and DMSO are shown in Table 1.
The mesh is divided into hexahedral elements.

Table 1. Physical Property Parameters of Two-Phase Fluids

reaction density viscocity mass diffusivity
fluid (kg m™) (kg m™" s7") (m?*s7h)

H,0 998.2 0.001003 12 x 107

DMSO 1100 0.001987 12 x 1077

The mixing performance of the microfluidic chip was further
investigated by calculating a mixing index M, ranging from 0 to
1, using eq 12778

1 c-c.. Y
M=1- |= _ DT Tmix

1 unmix  “mi

(1)

where C; represents the concentration or mass fraction of one
unit in the selected area, C,,.;, and C,; represent the
concentration or mass fraction before and after completely
mixing, respectively, and N represents the number of duplicate
units. By utilization of the equation mentioned above, it can be
observed that when M equals 0, there is no mixing between the
two fluids at all. Conversely, when M equals 1, complete
mixing occurs between them.

2.3. Preparation of Ultrafine FOX-7. The microfluidic
crystallization platform for the production of ultrafine FOX-7 is
depicted in Figurel, comprising a pair of infusion pumps, a
microfluidic chip, a collection device, and interconnected
Teflon tubes. The microfluidic chip is a six-chamber swirl-
shaped structure; both the inlet and outlet width are 1 mm, the
channel diameter is S mm, the depth is 500 ym, and the inner
diameter and outer diameter of the Teflon tube are 1 mm and
2 mm, respectively. The solvent and antisolvent were propelled

v

~ J microfluidic chip
J

- O @

superfine FOX-7
FOX-7 solvent

Figure 1. Schematic diagram of the microfluidic platform.

through the tube at varying flow rates by using infusion pumps.
Following the swirling motion within the micromixer, a yellow
colloidal liquid passed through the tube, and ultrafine FOX-7
particles were obtained via filtration and freeze-drying
procedures. The entire process of recrystallization was
conducted at room temperature (25 °C)

To demonstrate the superiority of the micromixer in the
preparation of ultrafine FOX-7, a control sample was also
prepared using a beaker under identical experimental
parameters in this study, as illustrated in Figure 2.

< anti-solvent

stir for 2h

wash and dry . »}‘
L 4 ! ; & . \ ?
solvent pRoe \- &

Figure 2. Preparation process of ultrafine FOX-7 by beaker.

2.4. Characterization Methods. The structure and crystal
phase were investigated by using X-ray diffraction (XRD) with
a PANalytical Empyrean diffractometer equipped with a Cu
Ka source and working at 40 kV and 40 mA. The XRD data
was collected within the range of 5 to 70° (26) with an
increment of 0.02°. Scanning electron microscopy (SEM) test
was employed to investigate the morphology using FEI JSM-
5800 (Hitachi, Japan). The particle size distributions (PSD) of
the samples were analyzed by Nanomeasure software on a
sample set of 200 particles.

The differential scanning calorimetry tests were conducted
by using a DSC 204 HP (NETZSCH, Germany) in a nitrogen
atmosphere with a flow rate of SO mL-min~', and the
temperature ranges were set from ambient temperature to
350 °C. The sample mass for the DSC test was about 1 mg.
The heating rates were set as S, 10, 15, and 20 K-min™%.

The laser ignition and combustion tests were conducted by
using a CO, continuous laser (SLC 110, Coherent, USA) with
a maximum power output of 120 W with a wavelength of 10.6
pum. The laser spot diameter is 5.0 mm. The flame images
during the combustion processes were captured by using a
high-speed digital camera with an operating rate of 1000
frames per second. To minimize the experimental errors, each
test was repeated three times and the average value was
adopted to analyze the ignition characteristics of the materials.

3. RESULTS AND DISCUSSION

3.1. Simulation and Optimization of Microfluidic in
Different Chips. The microfluidic chip serves as the core
component of the microfluidic crystallization system, and its
internal microchannel structure exerts a profound influence on
both crystal nucleation and growth processes.”” Based on the
presence or absence of an external power source, it can be
categorized into active hybrid type and passive hybrid type.
Both heart-shaped and swirl-shaped chips belong to the passive
hybrid category, wherein they primarily manipulate fluid
velocity and direction through specialized microchannel
structures. These structures effectively induce repeated
division, stretching, twisting, or folding of initially parallel
streamlines to enhance convective diffusion and facilitate rapid
mixing. The flow distribution, velocity contour diagrams, and
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Figure 3. Modulated flow distribution and velocity contour diagram of (a, b) heart-shaped and (¢, d) swirl-shaped chips. (e) Mixing index of two

microfluidic chips.

mixing index (M) of heart-shaped and swirl-shaped chips are
shown in Figure 3 with a flow ratio R of S.

Figure 3 shows that to the heart-shaped chip, the fluid
velocity is significantly accelerated after passing through the
narrow channel. The strong inertial force causes the fluid with
higher flow velocity to spread along the wall toward the entire
chamber. However, the utilization of the central region is
rather low, which results in the formation of a “dead zone” of
velocity. On the other hand, to the swirl-shaped chip, a distinct
vortex is formed near the entrance of the chamber, which
gradually intensifies linearly before moving away from the wall
due to external flow. Upon reaching a certain extent, the
occurrence of instability and fragmentation leads to turbulence
that enhances the convection among different components
within the fluid field. This turbulence disrupts the boundary
layers, reduces concentration polarization, and promotes mass
transfer processes. These findings demonstrate that, compared
to heart-shaped chips, the swirl-shaped chip not only exhibits
superior mixing effects but also experiences lower shear forces,
which reduces the crystal collisions and inhibits secondary
nucleation. It is also ever reported that the swirl-shaped chip is
more suitable for practical applications involving brittle crystal
preparation.30

Figure 4 shows the correlation of the mixing index of the
swirl chip with the number of chambers under different flow
rates. The two-phase liquid flow ratio R is 1, and the total flow
rates are 10, 20, and 50 mL min~', respectively. Figure 4
distinctly reveals that the mixing index changes in similar rules
under the three flow conditions. With the increase of chamber
number, the mixing index gradually increases and tends to be
stabilized when the number surpasses 4. It also reveals that the
mixing indices corresponding to the three flow conditions are
0.9583, 0.9612, and 0.9604. Therefore, a six-chamber swirl-
shaped chip is selected for sample preparation in this study.

3.2. Comparison between the Beaker Method and
Microfluidic Method. The particle size and morphology of
the recrystallized explosive are greatly influenced by the mixing
efficiency and uniformity. The recrystallization process of
FOX-7 is fairly fast. The particles of FOX-7 with uniform
crystal morphology and narrow size distribution can be
obtained only under the condition of high mixing uniformity
of micronano crystals. To investigate the microscale effect of
microfluidic crystallization, DMSO and ethanol were used as
the solvent and antisolvent. FOX-7 dissolved in DMSO with a
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Figure 4. Mixing index curve of the swirl-shaped chip under different
flow conditions.

fixed concentration of 0.15g'mL~" is mixed with antisolvent
with a fixed flow ratio of 5. For the micromixer preparation, the
total flow rate was set at 25 mL-min~'. Ultrafine FOX-7
prepared by both the traditional beaker method and the
microfluidic method were compared. The crystal morphology
and particle size distribution of the obtained materials are
shown in Figure 5.

The comparison of Figure Sa—c shows that recrystallized
FOX-7 exhibits a smaller average particle size and a narrower
particle size distribution compared to the raw material. FOX-7
prepared by using the beaker method displays an irregular
shape with small particles adhering to larger ones. The average
particle size is 10.47 um with the distribution range from 5.35
to 19.09 um. However, FOX-7 prepared by the microfluidic
method exhibits greater regularity, smoother surfaces without
noticeable edges or defects, and improved sphericity that could
be attributed to efficient mass and heat transfer during the
preparation process. The particle sizes range from 0.95 to 3.78
pum, with an average size of 2.41 um. It is clearly proved that
the FOX-7 prepared on this platform possesses smaller particle
sizes, narrower PSDs, and fewer crystal defects than those
prepared in beakers. To further investigate the structure of
FOX-7 that was prepared by different methods, the X-ray

14044 https://doi.org/10.1021/acsomega.4c10924
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Figure S. SEM images and PSDs of FOX-7 prepared by different methods. (a) Raw; (b) prepared by the beaker method; (c) prepared by the

microfluidic method.

diffraction tests were conducted, and the obtained results are

shown in Figure 6.
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Figure 6. XRD patterns of samples prepared by different methods.

The XRD test results in Figure 6 distinctly show the FOX-7
particles prepared using both the microfluidic platform and the
beaker. The diffraction pattern of the raw material FOX-7
reveals four prominent peaks at the 26 diffraction peaks of
27.9, 26.8, 20.6, and 15.0°, which correspond to (02 1), (0 2
0), (1 1 1), and (1 0 1), respectively, which proved the
existence of @-FOX-7. The diffraction peaks of ultrafine FOX-7
prepared by using different methods are consistent with each
other, which means that the crystal structure of a-FOX-7
remained constant despite different preparation methods. In

addition, compared to the raw material, certain crystal faces of
ultrafine FOX-7 display reduced intensity and broader width in
their X-ray diffraction spectra due to pronounced micronano
effects observed consistently with SEM results.

3.3. Crystal Morphology and Particle Size Control of
Ultrafine FOX-7 Prepared by the Microfluidic Method.
3.3.1. Effect of the Solvents on Crystal Morphology. Crystal
morphology prediction studies have demonstrated the
significant influence of the solvent/antisolvent system on
crystal growth.”" Microfluidics, in comparison to conventional
methods, offers a superior crystallization environment that is
more suited for validating predicted outcomes and achieving
precisely controlled explosive morphologies. In order to
explore the effect of solvent on FOX-7 crystal morphology,
DMSO and DMF were utilized as solvents, while anhydrous
ethanol and deionized water were employed as antisolvents
with a constant solvent/antisolvent flow ratio of 5. The
experiments were conducted on a well-established microfluidic
platform. The morphology of FOX-7 obtained from different
solvent systems was examined by SEM tests, and the obtained
results are shown in Figure 7.

It is evident from the figures that the crystal structure
changes greatly with different solvent systems. The crystal
sphericity of the FOX-7 obtained from the solvent of DMSO/
EtOH and DMF/EtOH systems is obviously better than that
of DMSO/H,0 and DMF/H,0O systems. This phenomenon
can be ascribed to the adsorption of solvent and antisolvent
molecules onto the surface of FOX-7 crystals through
hydrogen bonding and other intermolecular forces, which
results in a solvation effect that significantly alters the relative
growth rate and crystallization at different crystal facets. When
water is employed as the antisolvent, the FOX-7 crystal
exhibits significant stacking growth, characterized by an

https://doi.org/10.1021/acsomega.4c10924
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Figure 7. Morphologies of FOX-7 prepared by different solvent/
antisolvent systems. (a) DMSO/EtOH; (b) DMSO/H,0; (c) DMF/
EtOH; (d) DMEF/H,0.

elongated rod-like morphology and uneven particle size
distribution. Conversely, substituting ethanol as the antisolvent
results in regularity in crystal growth with excellent dispersion
and a uniform particle size distribution. The crystal that grows
under DMSO shows a spheroidal shape with excellent particle
dispersion and uniform size distribution, while that obtained
from DMF appears massive and exhibits particle agglomer-
ation. Additionally, the solubility of FOX-7 in DMSO
surpasses that in DMF’?, which means less solvent
consumption in the preparation process. The aforementioned
experimental results demonstrate that the DMSO/EtOH
solvent system exhibits superior efficacy in the synthesis of
ultrafine FOX-7, thereby warranting its selection for sub-
sequent investigations.

3.3.2. Effect of the Concentration on Particle Size. To
investigate the influence of concentration on the crystallization
of FOX-7 that was prepared by the microfluidic method,
ultrafine particles were prepared by dissolving varying
quantities of FOX-7 were prepared using DMSO/ethanol as
solvent/antisolvent system with a fixed value of 3. The
concentrations of FOX-7 were set as 0.075, 0.15, and 0.2 g
mL~". Figures 8 and 9 show the morphology and PSDs of
ultrafine FOX-7 obtained at different concentrations. Figure 7
clearly shows that the crystal morphology of all of the FOX-7
obtained at the three concentrations is spherical with different
particle sizes and distributions. For a concentration of 0.075 g-
mL™’, the size of the prepared FOX-7 particles exhibits a size
distribution ranging from 5.58 to 13.76 um. At a concentration
of 0.15 g¢'mL ™/, the particle size range narrows down to 2.43—
6.35 um, whereas at a higher concentration of 0.2 g-mL_l, it
further decreases to the range of 0.95—4.28 um. Figure 8 also
shows that the particle size distribution becomes narrower with
the increase of FOX-7 concentration in the microfluidic system
of DMSO/ethanol. On the other hand, the average particle size
also has a slight decrease at the same time. The variation in
particle size can be readily explained from a supersaturation
perspective. According to the crystallization dynamics theory
in the liquid phase, both nucleation rate (Ry) and growth rate

(Rg) can be mathematically described using the Arrhenius
formula (eq 2):**

dN
Ry=—=kS§"
N df n
Rc=ﬂ=ksg
dt & ()

where the rate constants of nucleation and growth are denoted
as k, and k,, respectively. The exponential values of growth rate
and nucleation rate are represented by n and g, while
supersaturation is indicated by S. Generally, the value of k,
ranges from 1 to 2, whereas the value of k, falls between S and
10.>* As the flow ratio increases, supersaturation also increases,
which leads to the nucleation rate becoming the rate-
determining step in crystallization and results in a decrease
in particle size. Consequently, by adjusting the concentration
of FOX-7 in DMSO, it is possible to regulate the crystal size.

3.3.3. Effect of the Flow Rate on Particle Size. The
antisolvent and solvent have different surface active energies,
which can greatly influence the recrystallization of FOX-7. In
this paper, the flow ratio of DMSO/ethanol on the
recrystallization of FOX-7 was investigated. The solvent
injection volume flow rate was fixed at 5 mL-mL™", with the
FOX-7 concentration of 0.2 g'mL™". The antisolvent/solvent
flow ratio (R) values were set as 1, 3, S, 10, and 15. The PSD
and particle sizes of the obtained FOX-7 are illustrated in
Figure 10. Figure 10 shows that for R = 1, the particle size of
FOX-7 ranges from 1.73 to 5.26 um. For R = 3, it ranges from
1.34 to 4.28 pum. For R = §, it ranges from 0.95 to 2.63 ym. For
R = 10, it ranges from 0.94 to 2.12 ym. For R = 15, it ranges
from 0.77 to 1.66 pm. Furthermore, the average particle size
(Dso) of FOX-7 prepared with R values of 1, 3, S, 10, and 1S
are 2.74, 2.44, 1.79, 1.54, and 1.21 um, respectively. It is
evident that the increased R leads to a gradual reduction of the
particle size of ultrafine FOX-7. Figure 10 also shows that the
PSD is narrowed with the increase in flow ratio. On the other
hand, FigurelO also shows that with the increase of R, the
PSDs exhibit gradual changes. The rapid increase in super-
saturation with increasing antisolvent concentration leads to
the nucleation rate becoming the rate-determining step, which
promotes the formation of crystals with smaller particle sizes.
Additionally, the increase of flow ratio R also improves the
mixing efficiency, and the rapid mixing and frequent collision
between solvent and antisolvent at the microscale reduce the
concentration gradient in the system and eventually reduce the
PSD and make the particle size more uniform.

The above results reveal that the crystal morphology in the
microfluidic platform can be precisely modulated by fine-
tuning the solvent/antisolvent system, while the particle size
and PSD can be effectively regulated through the adjustment in
concentration and flow ratio.

3.4. Thermal Behavior and Thermal Safety. The
thermal analysis data for raw FOX-7 and ultrafine FOX-7
samples are presented in Figure 11 and Table 2, respectively.
The thermal behavior of the prepared ultrafine FOX-7 during
its thermal decomposition process exhibits similarities to that
of the pristine material FOX-7, which has undergone two
processes of phase transformation and decomposition.*”*° The
phase transition process includes @ — f (the first crystal peak
of 115—117 °C) and  — y (the second crystal peak of 170—
190 °C). The decomposition process also consists of two
stages. The first stage corresponds to the initial exothermic
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Figure 8. Morphologies and PSDs of Fox-7 samples prepared with different concentrations of (a) 0.075, (b) 0.15, and (c) 0.2 gmL™".

decomposition, which takes place within the temperature range
0f 210—250 °C. This can be attributed to the rearrangement of
the nitro group in FOX-7, resulting in the disruption of both
the conjugated system and hydrogen bonds, ultimately leading
to the cleavage of the nitro group and subsequent generation of
nitric oxide. The second exothermic decomposition stage
occurs within the temperature range of 260—300 °C and
primarily arises from carbon skeleton fragmentation within
FOX-7 molecules. In comparison with raw FOX-7, ultrafine
FOX-7 exhibits a delayed second crystallization peak temper-
ature by 11.5 °C and an increased initial exothermic peak
temperature by 24.6 °C, phenomena that can be elucidated
through “topological chemical reaction theory”.”’~* The
decomposition temperatures of smaller FOX-7 particles
generally tend to be higher due to their reduced lattice defects
and lower internal stresses. In addition, compared with the raw

material decomposition heat release temperature range
(232.4—291.4 °C), the ultrafine FOX-7 decomposition heat
release process concentrated in a narrower temperature range
(257.0—270.6 °C), and the enthalpy of thermal decomposition
increased from 1813 to 2145 J-g~'. This means that the
ultrafine FOX-7 prepared by microfluidic not only has good
thermal stability but also has higher energy release efficiency.

The decomposition kinetics of FOX-7 samples were
investigated, and the activation energy (E) and preexponential
factor (A) of the initial decomposition process were
determined using Kissinger’s method (eq 3).*>*'

In[ﬁ] = InE _E X L
T, E R T, 3)
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Figure 9. Influence of concentrations on particle size.

The parameter f represents the heating rate, while Tp
denotes the peak temperature of the initial decomposition. The
gas constant R is defined as 8.314 J-mol k™.

The critical thermal explosion temperature (Tj,) plays a
crucial role in the assessment of thermal safety for energetic
materials. The T, of raw and ultrafine FOX-7 obtained by
microfluidic can be calculated by Zhang-Hu-Xie-Li’s equation

(eq 4).”

E — \/E’ — 4ERT,

2R (4)

Tu=To+af +bf +f,i=1~4 (%)

Tb=

where the T, values corresponding to f — 0 are computed
from eq 5. a, b, and ¢ represent coefficients. All kinetic
parameters and thermal safety parameters are listed in Table 3.
The E values for raw and ultrafine FOX-7 are 326.8 and 257.9
KJ-mol™!, whereas the 1g(A) values are 32.4 and 24.6,
respectively. T, and Ty, are 220.6 and 221.8 °C for raw Fox-
7, while they are 242.1 and 243.9 °C for ultrafine Fox-7,
respectively. The results indicate that FOX-7 prepared by
microfluidic has better reactivity and higher thermal stability
than the raw material. This is because the ultrafine FOX-7 has

—— Microfluidic
—— Raw

176.6°C

188.1°C

Heat Flow

232.4°C

116.5°C
v O,
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Figure 11. DSC curves of ultrafine and raw FOX-7.

Table 2. Thermal Analysis Parameters of Ultrafine and Raw
Fox-7

phase transition

process decomposition process
samples T, /°C  T,/°C  T,/°C  Ty,/°C  AH/J g
raw Fox-7 116.5 176.6 232.4 291.4 1813
ultrafine Fox-7 1154 188.1 257.0 270.6 2145

a small size effect and surface effect, and the heating area and
heat conduction rate increase, resulting in the apparent
activation energy of thermal decomposition decreases.
Compared with the raw material, the FOX-7 prepared by
microfluidic crystallization has uniform morphology and fewer
crystal defects, so it has higher thermal safety.

3.5. Laser Ignition and Combustion Properties. The
investigation of ignition and flame propagation characteristics
of energetic materials holds significant importance in
elucidating their combustion mechanisms and potential
applications in propellants. Laser ignition technology,
compared to other methods, is relatively mature to study the
properties of energetic materials and can be easily applied to
the ignition process with solid, liquid, and gas phases.
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Figure 10. (a) PSDs of FOX-7 samples prepared with different flow ratio R values and (b) influence of flow ratio R on particle size
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Table 3. Kinetic Parameters and Thermal Safety Parameters of Ultrafine and Raw FOX-7

T, (first decomposition process)/°C

samples 5 Kemin™ 10 K'min™" 15 Kmin™
raw Fox-7 227.7 232.4 235.1
ultrafine Fox-7 253.7 257.0 257.2

20 K-min ™ E,/KJ-mol™! lg(A)/s™! Ty T,
236.2 326.8 322 220.6 221.8
264.3 257.9 24.6 242.1 243.9

Therefore, the ignition and combustion process of FOX-7
before and after recrystallization by microfluidics were studied
by a laser ignition device in this study. The samples were made
into ignition specimens, and the laser ignition test was carried
out in the power density range of 109.3—299.2W/cm. The
ignition delay time curve of the samples, obtained under
different laser power densities, is depicted in Figure 12.

100
Raw FOX-7
Ultrafine FOX-7
m T
£
7 Seae
10 o
] RN
——————— S
100 150 200 250 300
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Figure 12. Ignition delay times of ultrafine and raw Fox-7.

The information depicted in Figure 12 indicates that the
ignition delay time of both raw materials and ultrafine FOX-7
exhibits a decreasing trend with the increase of the laser power
density, while the disparity between the two materials gradually
diminishes as the laser power density increases. Notably, under
identical power density conditions, the microfluidic-prepared
ultrafine FOX-7 demonstrates a significantly shorter ignition
delay time compared to the raw material counterpart,
indicating lower ignition energy requirements and enhanced
ignitability facilitated by the microfluidic method. Figure 13
shows sequential images in the flame propagation process and
appearance after ignition of two FOX-7 materials at 169.5W
power density. Both of them were successfully ignited and
showed self-sustained combustion. Compared with the raw

FOX-7 .
. ’
l  25ms  3ms  4lms  49ms  58ms

S 17ms

Ultrafine

FOX-7
i
1ms ‘ 9m:

Figure 13. Burning snapshots of ultrafine and raw FOX-7.

material, the ignition flame of the ultrafine FOX-7 becomes
brighter and the flame propagation rate is faster, while the
combustion is more complete. This is consistent with the
thermal decomposition results, because the small size effect of
ultrafine FOX-7 is conducive to increasing the interface
contact, and the energy release is more rapid and complete,
thus improving the combustion performance of the material.

4. CONCLUSIONS

A microfluidic crystallization platform was developed for the
preparation and crystallization control of ultrafine FOX-7. The
prepared ultrafine FOX-7 exhibits a smaller particle size,
narrower particle size distribution, reduced crystal defects, and
enhanced sphericity compared with the traditional method-
prepared materials. By manipulating reaction parameters, such
as the solvent/antisolvent system, reagent concentration, and
flow ratio within the microfluidic platform, both the
morphology and particle size of FOX-7 could be easily
controlled. Thermochemical performance tests revealed that
microfluidic-prepared ultrafine FOX-7 has better thermal
stability, higher energy release efficiency, and more complete
combustion compared with the raw material. The microfluidic
strategy represents a safe and efficient approach to preparing
ultrafine FOX-7 particles with high comprehensive perform-
ances.
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