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Energetic composites composed of polymeric binders and metallic fuels are widely used in industrial and
military fields, and their performance is largely dependent on the combustion process. Fluorinated
energetic polymeric binders can facilitate the combustion of metallic fuels such as aluminum particles
and enhance the energetic level of the energetic composites. In this report, fluorinated energetic
polyurethanes (FPUs) were applied as binders for energetic composites with aluminum nanoparticles
(AINPs). The fluorinated components in the energetic binder could be a uniform dispersion inside the
composites, endowing the composites with decent mechanical properties and high combustion rate.
Most significantly, compared with the composites without fluorine, FPU/AINP energetic composites not
only showed a remarkably improved combustion efficiency, but also, surprisingly, a dramatic
enhancement in the heat of explosion by 91.2%, despite the low content of fluorine. By analyzing the
combustion products together with kinetic simulations derived from chemical reaction neural network
(CRNN) modelling, a detailed mechanistic understanding of the combustion process was provided,

rsc.li/rsc-advances

Introduction

Energetic materials composed of polymeric binders and
metallic fuels are widely applied in industrial and military
fields, such as propellants, explosives, pyrotechnics et al.'”
Metallic fuels, such as aluminum, are widely used in energetic
composites to enhance the comprehensive performance, such
as energy level,’ combustion temperature,” density,** and so on.
Nevertheless, aluminum particles in energetic composites often
suffer from incomplete combustion and easy agglomeration,
leading to reduced energy release and combustion efficiency. To
overcome these problems, one of the efficient strategies is to
introduce fluoropolymers into energetic composites.'* In 1956,
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suggesting the importance of synergistic effects brought by the fluorinated and energetic components.

the first example of the application of fluoropolymer (poly-
chlorotrifluoroethylene) and magnesium fuels in pyrotechnics
was reported.' Since then, numerous metal/fluoropolymer
composites have been developed and widely applied in ener-
getic materials.”>*® During combustion, aluminum is oxidized,
and energy is released upon the formation of fluorine-
aluminum bonds." Moreover, fluoropolymer oxidizers are
increasingly prevalent in the development of energetic mate-
rials due to their higher densities.

Despite these advantages, direct blending of fluorinated
polymers could drastically impair mechanical properties due to
their low compatibility with other components and reduces the
overall energy level of energetic materials,' which is hindered
for their practical applications. Moreover, although the thermal
decomposition of energetic polymer/metal and fluorinated
polymer/metal composites have both been explored previously,
the combination of these two components in one energetic
binder has not been comprehensively investigated due to the
complicated combustion mechanism. Therefore, a comprehen-
sive understanding of the energetic composites using the fluo-
rinated energetic polymer as binder, including their energy
level, mechanical properties and combustion mechanism is
absent. In addition, in order to deeply understand the thermal
decomposition process of energetic materials, the commonly
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used kinetic models are Kissinger,® Friedman,” Ozawa,"
Starink," and chemical reaction neural network (CRNN).22
The CRNN uses the network model to solve the reaction kinetics
equation, and can propose the multi-step overall reaction
mechanism, which can deeply understand the thermal
decomposition kinetics of complex systems.

Herein, a series of fluorine-containing glycidyl azide
polymer-based polyurethanes (FPUs) with different fluorine
contents were synthesized. The application of the FPUs as
binders for energetic composites with aluminum nanoparticles
(AINPs) endowed the composites with decent and tunable
mechanical properties, which is thus highly desired for prac-
tical applications. Meanwhile, the incorporation of both the
energetic component and fluorinated component into one
polyurethane ensured the uniform dispersion of these two
components inside the composites, not only facilitating the
homogeneity of the combustion reaction but also the energy
propagation in the AINPs. The results from our combustion
experiments unambiguously showed that the FPUs could
dramatically enhance the energy release by 91.2%, and signifi-
cantly improve the combustion efficiency of the AINPs in ener-
getic composites. Lastly, kinetic simulations of thermal
decomposition were carried out via chemical reaction neural
network (CRNN) model, together with the analysis of combus-
tion products, to illustrate the combustion process in details.
Our results strongly suggest that the both fluorinated and
energetic components in these polyurethanes work synergisti-
cally during the combustion, which is crucial for their extraor-
dinary performance improvement.

Experimental section

Materials and techniques

The glycidyl azide polymer (GAP, -OH equivalent, 28.14 mg KOH
g~ ') was obtained from Liming Research Institute of Chemical
Industry (Henan, China), and dried under vacuum at 90 °C for 4 h
before use. The dicyclohexylmethylmethane-4, 4’-diisocyanate
(HMDI, 98%, Shanghai Aladdin Bio-Chem Technology Co., Ltd)
was used as received. The catalyst was prepared by dissolving
dibutyltin dilaurate (DBTDL, 95%, Alfa Chemical Reagent Co.,
Ltd) in dibutyl phthalate at a concentration of 4.8 mg mL~". The
fluorinated chain extender 2, 2, 3, 3-tetrafluoro-1, 4-butanediol
(F4, 95%) was obtained from TCI chemicals Co., Ltd, and was
used after vacuum drying at 40 °C for 4 h. The non-fluorinated
chain extender 1, 4-butanediol (BDO, 99%) was obtained from
Sigma-Aldrich and was used after vacuum drying at 60 °C for
48 h. Tetrahydrofuran (THF, 99%, Beijing Tongguang Fine
Chemical Co., Ltd) was used after distillation over CaH,.
Aluminum nanoparticles (AINPs) with an average diameter of
100 nm and an oxide shell (~2-4 nm) were purchased from
Maoguo Nano Technology Co., Ltd (Shanghai, China).

Thermo gravimetric analysis (TG) was performed on a TG
analyzer (TG/DSC1SF/417-2, Mettler Toledo). The energetic
composites (0.5-1 mg) in platinum crucibles were heated from
30 °C to 900 °C at a scan rate of 10 K min~' under argon flow
(40 mL min™ ™).
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High-pressure differential scanning calorimetric analysis
(HP-DSC) was carried out on a Mettler HP-DSC 2+. The
composites (0.5-1 mg) in platinum crucibles were heated from
30 °C to 700 °C at a scan rate of 10, 20, 30 and 40 K min ' under
argon flow (50 mL min~"). The test pressure used were 2, 4, 6
and 8 MPa.

The stress-strain test of the FPUs and energetic composites
was carried out on a tensile testing machine (Instron-6022,
Shimadzu Co. Ltd) at a constant strain rate of 100 mm min "
at 25 °C. The dimensions of the samples were 20 mm (neck area
length) x 4 mm (width) x 2 mm (thickness).

Scanning electron microscopic images (SEM) were obtained
from Hitachi SU8010 Field Emission SEM equipped with energy
dispersive X-ray spectroscopy (EDS). Before the test, all samples
were fractured in liquid nitrogen and coated with a layer of Pt
(thickness ~10 nm).

The heat of explosion was detected by Parr 6200 bomb
calorimetry (Illinois, USA). The test was carried out under argon
atmosphere with a pressure of 2.36 MPa, and 1 g of sample was
used for each test. Each sample was measured for three times
and the average values were reported.

Powder X-ray diffraction (XRD) patterns were recorded using
a Bruker D8 advance particle X-ray diffractometer featuring
a filtered Cu Ko radiation (A = 1.5418 A). All tested samples were
scanned at a scan rate of 0.5 s/step between 26 angles from 20°
to 100°.

Preparation of the energetic polyurethane

The fluorine-free energetic polyurethane (BPU-98-30) was
synthesized according to literature.”* The molar ratio between
-NCO and -OH groups (R value) of BPU-98-30 is 0.98 and the
hard segment contents is 30% (wt%). The fluorinated energetic
polyurethane (FPUs) with different fluorine contents were
synthesized according to literature,* except F4 was used for the
chain extenders during the polymerization. The R value of the
FPUs is 0.98, the hard segment contents are 30%, 35%, 40%,
45% and 50% (wt%), respectively.> The FPUs were named as
FPU-X-Y, with “X” representing their R value x 100 and “Y” for
their hard segment content (wt%) x 100. For example, FPU-98-
30 stands for the FPU with an R value of 0.98, and a hard
segment content of 30%.

Preparation of energetic composites

Desired amount of AINPs was dispersed in THF via ultra-
sonication for 2 h at 28 °C to form a suspension with a weight
concentration of 150 mg mL ™. Considering the low fluorine
content in FPUs, the content of aluminum in practical appli-
cation, and the effect between fluorine with aluminum can be
better reflected, all the FPUs/AINPs energetic composites are
aluminum excess. Therefore, the mass ratio between FPUs/
AINPs or BPU/AINPs was fixed to 4.0. All FPUs or BPU were
fully dissolved in THF at 60 °C for 6 h. The AINPs suspension
was mixed with the FPUs or BPU solution, and the mixture was
further stirred at 60 °C for 2 h. The mixture was poured into
a polytetrafluoroethylene beaker to remove the THF in a vacuum
oven at 60 °C for 24 h. Then the energetic composites were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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calendered via an oil heated double roll calender at 60 °C for
30 min to ensure the uniform distribution of AINPs in the final
FPUs/AINPs and BPU/AINPs energetic composites.

Kinetic simulations

The chemical reaction neural network (CRNN) modelling
method was adopted to elucidate the reaction pathways and
kinetic parameters by fitting the thermogravimetric experi-
mental data. A detailed description of the methods is included
in the ESI (Fig. S1-54, Tables S1 and 27).

Results and discussion

Preparation and mechanical properties of the energetic
composites

The BPU and FPUs with different hard segment content were
further used as binders and mixed with AINPs to produce
energetic composites. Aluminum particles with diameters of
~100 nm were chosen here, considering their higher reactivity
toward the fluorinated component.””?® The SEM images of
AINPs are shown in Fig. S5.f In Fig. 1, the composites were
prepared by first mixing the AINPs suspension into a THF
solution of FPUs or BPU, followed by evaporation of the solvent.
AINPs sediment due to their higher density. Therefore, to
ensure the uniform distribution of AINPs in the composites, the
mixture was calendered via a double roll calender for 30 min to
obtain the energetic nanocomposites. The utilization of double
roll calender ensured the production of well-defined composites
(Fig. S67), and a uniform distribution of AINPs and fluorinated
components, which was confirmed by observation of the frac-
tured surface of the composite specimen (Fig. S7 and S87).
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Fig. 1 Schematic illustration for the preparation process of FPUs/
AINPs and BPU/AINPs composites.
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Fig. 2 Stress—strain curves of FPU-98-30/AINPs to FPU-98-50/
AINPs.
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Table 1 Mechanical test results of FPU-98-30/AINPs to FPU-98-50/
AINPs

Samples om (MPa) ep (%)

FPU-98-30/AINPs 2.51 + 0.35 1182.82 + 56.24

FPU-98-35/AINPs 2.98 + 0.28 461.47 + 27.66

FPU-98-40/AINPs 3.53 £ 0.42 356.26 + 45.34

FPU-98-45/AINPs 4.58 £+ 0.31 295.32 + 56.42

FPU-98-50/AINPs 6.15 + 0.22 249.49 + 39.18
a b
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RF
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¥
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—— FPU-98-50/AINPs

Fig. 3 (a) Proposed thermal decomposition reactions of FPUs/AINPs
composites. (b) TG curves of the energetic composites, obtained at
a scanning rate of 20 K min~™.

The mechanical properties of these FPUs/AINPs energetic
composites were evaluated. It could be concluded from Fig. 2
and Table 1 that o, increased and ¢, decreased with increasing
hard segment content, respectively. This trend observed for the
composites agrees with that of FPUs. With the addition of
AINPs, all the resultant composites showed comparable values
for o, and reduced values for ¢,. Nevertheless, all these ener-
getic composites showed decent mechanical properties, which
could be controlled by using different FPUs and might be useful
for different practical applications.

Thermal decomposition of energetic composites

The FPUs could react with AINPs, following the reaction
schemes in Fig. 3a. The fluorocarbon units could react with
both the aluminum and aluminum oxide layer on the surface.
The thermal decomposition behaviors of these energetic
composites were first characterized with a TG analyzer (TG-DSC)
under argon. The TG curves from FPUs/AINPs and BPU/AINPs
composites are shown in Fig. 3b. The TG results indicated
that all the energetic composites started to thermally decom-
pose at ~210 °C, corresponding to the decomposition of
binders.

The TG-DSC curves from FPUs/AINPs and BPU/AINPs
composites are shown in Fig. 4. The TG-DSC curves of BPU-
98-30/AINPs composites showed only one exothermic peak
from the decomposition of the azide group. Meanwhile, those
of the FPUs/AINPs composites showed another obvious
exothermic peak at approximately 500-800 °C, which could be
attributed to the reaction between fluorine-containing compo-
nents and residual carbon released from the decomposition of
the FPUs, and alumina or aluminum.>®-32

The results from TG-DSC can only provide qualitative anal-
ysis of the thermal decomposition process. To further study in

RSC Adv, 2022, 12, 24163-24171 | 24165
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Fig. 4 TG-DSC curves of the energetic composites, obtained at
a scanning rate of 20 K min~*.

—— FPU-98-50/AINPs —— FPU-98-35/AINPs 3
—— FPU-98-45/AINPs —— FPU-98-30/AINPs o
——FPU-98-40/AINPs —— BPU-98-30/AINPs le.l

H
\JJ&\_\__Jx

100 200 300 400 500 600 700
Temperature (°C)

Heat Flow (w-g-1)

Fig. 5 HP-DSC curves of the composites obtained at a scanning rate
of 20 K min~t and pressure of 2 MPa.

a quantitative way, HP-DSC was applied to investigate the
decomposition process of FPUs/AINPs and BPU/AINPs
composites by varying the heating rate and pressure. Due to
the limitation of the instrument, the maximum test tempera-
ture of the HP-DSC is 700 °C, and only the heat release below
700 °C could be recorded from the decomposition process of
these energetic composites. In Fig. 5, the HP-DSC results also
suggested that the decomposed product from FPUs could react
with AINPs to release a large amount of heat. In contrast, no
obvious exothermic peak was observable for the BPU-98-30/
AINPs composites without fluorine.

Since both the heating rate and system pressure could
significantly influence the combustion of the composite and
thus the amount of gas released per unit time, the thermal
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Fig. 6 HP-DSC curves of the FPU-98-50/AINPs composites obtained
(@) under a pressure of 2 MPa and at different scanning rates, and (b) at
a scanning rate of 40 K min~* and under different pressures.
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decomposition of FPU-98-50/AINPs composites was studied
with HP-DSC at different heating rates (Fig. 6a) and pressures
(Fig. 6b). Fig. 6a shows that the amount of heat released by the
reaction significantly increased when the heating rate increased
from 10 to 40 K min~*. Moreover, the setpoint of heat release
shifted toward lower temperatures when the system pressure
was increased from 2 to 8 MPa (Fig. 6b). The HP-DSC results
indicated that a high heating rate and pressure are both bene-
ficial to the combustion of AINPs. Another thing noteworthy is
that the so-called pre-ignition reaction (PIR) at 360 °C to 460 °C
between fluorine and aluminum was not observed in any cases
during thermal decomposition. This might be correlated with
the low content of fluorine in the composite and also the short
fluorocarbon chains of F4.%

Combustion of the energetic composites

The heat of explosion (AH,) is the most important thermody-
namic parameter for evaluating the performance of explosives
and propellants.** Because GAP is an energetic polymer, all the
energetic composites were ignited under argon by electrically
heated nickel wires, and their AH, values were evaluated via
a bomb calorimeter. The results are shown in Table 2.

For the FPUs/AINPs composites, AH, only decreased slightly
with an increasing hard segment content in the FPUs (Table 2).
Surprisingly, the AH, was increased dramatically from 1685 kJ
kg for the BPU-98-30/AINPs composites to 3222 kJ kg~ for the
FPU-98-30/AINPs composites. Considering the low weight
content of fluorine in the composite (3.7%, Table 2), this
enormous increase in AH. (91.2% increase) was unexpected.
Meanwhile, the similar chemical structure of fluorocarbon
segments between F4 and PTFE, a similar enthalpy of the
reaction between Al and FPUs to form AlF; in stoichiometric
proportion could be assumed (—8.85 kJ g~ ').** Therefore, the
additional energy released from the formation of AlF; was
calculated to be 482, 593, 683, 784 and 885 KJ kg’1 for the
composites from FPU-98-30, FPU-98-35, FPU-98-40, FPU-98-45,
and FPU-98-50, respectively. These values are significantly
smaller than the increase in AH,. from the combustion of bare
FPUs to their corresponding composites. This finding suggests
that the combustion of AINPs might not only simply involve the
exergonic reaction with the fluorinated component to form
AlF;, but also be promoted by other factors.

All the FPUs/AINPs composites shared similarly high values
of AH.. Although the GAP energetic content in the FPUs
decreased with increasing hard segment content, the fluorine

Table 2 Heat of explosion for the FPUs/AINPs and BPU/AINPs
composites

Samples F (wWt%) Al (Wt%) AH, (k] kg™ 1)
BPU-98-30/AINPs 0 20.00 1685 + 14
FPU-98-30/AINPs 3.70 20.00 3222 £11
FPU-98-35/AINPs 4.55 20.00 2973 £+ 50
FPU-98-40/AINPs 5.24 20.00 2926 + 19
FPU-98-45/AINPs 6.02 20.00 3032 + 48
FPU-98-50/AINPs 6.79 20.00 3037 + 83

© 2022 The Author(s). Published by the Royal Society of Chemistry
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content in the FPUs increased, and the fluorine-containing
component resulted from decomposition of FPU could react
with the AINPs and release a large amount of heat, and promote
other reactions. Therefore, the AH. of the FPUs/AINPs
composites only decreased slightly with increasing hard
segment content.

To provide a deep understanding of the complex combustion
processes, the combustion products of these composites were
retrieved from the bomb calorimeter and characterized with X-
ray diffraction (XRD) (Fig. 7). The signal peaks of Al,O3, Al,Cs,
and Al,0;-Al,C; were observed in the combustion products of
all FPUs/AINPs and BPU/AINPs composites. However, the signal
peaks of AlF; were only observed in the FPUs/AINPs composites,
and the signal peak intensity of AlF; gradually increased with
increasing fluorine content in the FPUs, as expected. Moreover,
the signals from bare Al,O; were substantially reduced in the
products from FPUs/AINPs composites compared to those from
BPU/AINPs composite. Most importantly, the signal peak
intensity of the remaining Al from the combustion product of
FPUs/AINPs composites, if not negligible, was tremendously
lower than that from BPU-98-30/AINPs composites. This finding
is exciting and plausive, since even similar composites with
higher fluorine content reacting with oxygen flow would show
obvious signals from the remaining Al.*® These unprecedented
results indicate that FPUs can significantly enhance the
combustion efficiency of AINPs, encouraging us to examine the
details of the combustion process.

Dynamic pressure characteristics of ETPUEs/AINPs
composites

A home-made test instrument including a closed steel bomb
equipped with a piezoelectric pressure sensor, a quasi-static
charge amplifiers and a mixed domain oscilloscopes was
fabricated to research the combustion behavior of the ETPUEs/
AINPs composites. The instrument was set up according to
literature method,*” and a photograph of the instrument was
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*® ® °
i
160 10 & o
© 3

o v

FPU-98-50/AINPs

FPU-98-45/AINPs|

FPU-98-40/AINPs|

I ’ | FPU-98-35/AINPs

i A 'I FPU-98-30/AINPs
i i
i i
J AN

T T

20 30 40 50 60 70 80 90
2 Theta (Degree)

Normalized Intensity

BPU-98-30/AINPs
A A

Fig. 7 Powder XRD patterns of the bomb calorimetry reaction prod-
ucts from the FPUs/AINPs and BPU/AINPs composites in argon.
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included in Fig. S9.7 Dynamic pressure-time characteristics
profiles were obtained by igniting the ETPUEs/AINPs compos-
ites in air in a constant volume combustion bomb fitted with
a pressure transducer. Representative pressure-time curves of
the BDO-98-30/AINPs and FPU-98-30/AINPs composites are
showed in Fig. 8a, and representative pressure-time curves of
the FPUs/AINPs composites in Fig. 8b. All the pressure-time
curves progressed smoothly with time without obvious oscilla-
tions, indicating that the AINPs were uniformly dispersed in the
ETPUEs/AINPs composites. Scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) results
confirmed the uniform dispersion of the AINPs, as shown in
Fig. S6 and S7.1 A sharp increase in pressure appeared initially,
which was followed by a gradual decay. As can be seen from
Fig. 5a, the maximum pressure generated (Ppa.x) from the
combustion of the FPU-98-30/AINPs composite was much
higher than that from BDO-98-30/AINPs composite, and the
time to reach the maximum pressure (¢yp) was significantly
shorter than that from BDO-98-30/AINPs composite. This is
because the fluorinated gas products produced by the decom-
position of FPU-98-30 can react with AINPs to further release
energy. Interestingly, although the GAP content in FPUs
decreased with an increasing hard segment content, their P,
from the combustion of FPUs/AINPs composites only dropped
slightly (Fig. 8b).

Besides Prax and ¢, the maximum pressurization rate ((dP
dt ")may) is also an important dynamic pressure characteristics,
which can also be derived from the pressure-time curves. While
Prax is a suggestive of the amount of energy released, and ¢,
for the combustion rate, (dP d¢ “)max is an indicator of the
reactivity of the materials. The FPUs/AINPs composites showed
higher Py, and (dP dt’l)max, and lower t,, values than those
from BDO-98-30/AINPs composites. As shown by the compar-
ison results in Fig. 8c, both FPU-98-35 and FPU-98-40 samples
showed considerable (dP dt™ ")max, low tmp, and high Py,
possibly due to the achievement of a delicate balance between
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AINPs composites. (b) Pressure—time curves of FPUs/AINPs compos-
ites. (c) Comparison of the performance derived from the dynamic
pressure traces of the composites, (dP dt ™) max (UP). trmp (Middle), Prax
(bottom).
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the content of energetic GAP soft segment and the fluorinated
hard segment. From these results, it can be firmly concluded
that FPUs can significantly improve the combustion efficiency
of AINPs and thus increase the amount of energy released from
the energetic materials.

Kinetic simulations of FPUs/AINPs composite from chemical
reaction neural network

The combustion process of energetic nanocomposites is highly
dynamic and complex, and a plausible reaction process is
usually proposed based only on the analysis of starting mate-
rials and final products. In the current study, we used a recently-
developed chemical reaction neural network (CRNN) approach
to model the reaction kinetics.*®** The chemical reaction neural
network model (CRNN) is a neural network modelling method
to elucidate the reaction pathways and kinetic parameters by
fitting the thermogravimetric experimental data.*® In contrast to
many other data-driven modelling approaches,?** the CRNN
model does not require the specific properties of experimental
samples, and both reaction pathways (e.g. stoichiometric coef-
ficients) and kinetic rate constants are considered as parame-
ters in the optimization.

First, we incorporated the constraints from the thermal
decomposition of FPUs/AINPs into the framework of the CRNN
model. The sample of FPU-98-40 is selected as the target in this
work. Detailed modelling methods are included in the ESL.{ By
evaluating the prediction errors in the simulation results, the 5-
5 model (involving 5 species and 5 reactions) was selected as the
basis to reveal the possible reaction mechanism of FPUs/AINPs
composites. The comparisons between the prediction results of
the 5-5 model and the TG experimental results with different
heating rates are shown in Fig. 9. The predicted values are in
excellent agreement with the experimental curves.

Fig. 10 shows the species evolution during the thermal
decomposition of the FPUs/AINPs composites, which was
derived from the 5-5 model, and the corresponding reaction
mechanism is included in Table 3. The 5 species and 5 reactions
are termed “Sy, S5, Sz, S4, S5” and “Ry, Ry, R3, Ry, Rs”, respec-
tively. According to the reaction mechanism, S; and S, are
intermediate substances in the overall reaction. The formation
temperature of S, is approximately 200 °C, but it undergoes
a quick decay in the conversion reaction. S, is all consumed at
~280 °C. The formation temperature of S; is also 200 °C, but it
is sustained to a higher temperature. The mass fraction of S;
diminishes to 0 at ~450 °C. S, and S5 are the main products,
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Fig. 9 The TG curves predicted by the CRNN models (red line) and
experimental results (black line). The CRNN model here refers to the
5-5 model.
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Fig. 10 Species evolution of FPUs/AINPs composite during thermal
decomposition predicted by the reaction mechanisms of the 5-5
model.

where S, and Ss are the solid and gas products, respectively. Ss
shows two obvious growth steps within the temperature ranges
of 200-280 and 280-450 °C before reaching a plateau. Its mass
concentration is 85-90% in the final product for all four cases,
and S, occupies ~10% in mass at ~500 °C and beyond.

Based on this 5-5 model, it can be deduced that the initial
decomposition reaction R, of the FPUs/AINPs system produces
three substances, e.g. S3, S; and Ss. Both R, and R; describe the
decomposition of S,, wherein the reaction rate of R, is approx-
imately 1-2 orders of magnitude higher than that of R;
(Fig. S4t). Therefore, R; is neglected in further analysis. R,
yields three substances, S,, S; and Ss. Both R, and R;5 produce S,
and S;. Because the reaction rate of Rs is much higher than that
of R4, Rs governs the reactions between S, and S3, to form S,.
The stoichiometric coefficients of S, and S; are 1 and 4,
respectively. This explains the fast decay of S; in Fig. 6b.

Combining the experimental observations (Fig. 3c and d)
and the 5-5 model derived from the CRNN framework, the
reaction mechanism of FPUs/AINPs can subsequently be
proposed in Fig. 11. R, is the main decomposition process of
FPUs/AINPs, producing relatively short (S;) and long (S,) frag-
ments containing both fluorinated and polyether segments,
and gas products (Ss). R, is the decomposition reaction of S,,
generating gas products (Ss) and solid substances (S, and S3). R,
and Rs describe the decomposition reaction of the polyether
segment (S,) and short fragments containing both fluorinated
and polyether segments (S3). Both S, and S; are intermediate
substances in the overall reaction. They are formed at
a temperature of approximately 200 °C, which is consistent with
previously reported experimental observations.*® With a further
increase in temperature, S, decomposes, mainly producing S;
and partially producing S5 with a small amount of solid carbon.
S; decomposes to gas components (Ss) as the major product. In
general, S5 should represent a gaseous mixture including N,,
NH;, C,H,, HCHO, HCN and C,F,. S, is the solid component,
including polyether segments and solid carbon.

Since the CRNN model only considers the mass changes in
the thermogravimetric data for learning, it is not capable of
dealing with reactions without mass changes. As seen in the
DSC results (Fig. 3c and d), a second peak appeared above 550-
700 °C without mass loss. The possible reactions in this
temperature range cannot be directly explained with CRNN
models. Based on the above analysis, the reacting species below

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reaction mechanisms in the 5-5 model
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Reactions Pathway E, (k] mol ™) n InA
R, 7FPUS/AINPs — 185 +4 8, +2 S5 19.07 0.07 5.01
R, 885, > 185,+1585;+885;5 20.27 0.36 4.99
Rs 58, > 18,+485, 9.59 0.15 0

R, 78,+58; > 68,+68Ss 34.39 0.02 0.76
Rs 185,+48; > 58, 20.86 0.02 2.78

Fig. 11 Reaction network of the 5-5 model derived from CRNN
framework.

FPUs decomposition
Gaseous N, NH; C,H, HCHO
products ey co, cF,
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Gas-Solid reactions
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CF,+AL0, > AlIF;+co,  AINPs Melting
. ‘/ CF,+Al 5> AIF,+C
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FPUs/AINPs composites

Fig. 12 A schematic illustration of the combustion reaction route of
FPUs/AINPs composites.

550 °C can be identified and thus the details of the combustion
process can be proposed.

Discussion of the combustion process of the FPUs/Al
composites

As we mentioned in the above section, the combustion of the
FPUs/AINPs composites is much more complicated than we
initially expected. The amount of released energy is significantly
larger than the additional enthalpy gain introduced by the
exergonic reaction between the fluorinated component and
AINPs. Moreover, the combustion efficiency of AINPs is also
remarkably higher than those in other similar cases.*® This may
explain the extraordinary energy release from these composites.

Based on the above analysis and the information of the
combustion products obtained from FPUs/AINPs composites,
a plausible reaction route can be proposed. During the initial
stage in the range of 200-500 °C, FPU first decomposes to
release gaseous products (e.g., N,, NH;, C,H,, HCHO, HCN,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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C,F,) and solid products (polyether segments and carbon).
The excessive heat released from the decomposition of azide
groups in GAP units greatly facilitated the melting of AINPs, and
thus enhanced the energy propagation in the composites via the
so-called “melt dispersion mechanism (MDM)” in the next stage
(500-660 °C).***** During the second stage, the gaseous prod-
ucts reacted with AINPs. Especially, the fluorinated gaseous
products reacted with alumina to expose reactive aluminum
surface. Owing to the uniform dispersion of fluorinated
components inside the composites, this phenomenon occurred
homogeneously and consequently improved the combustion of
AINPs significantly. In the final stage (above 660 °C), the melted
nano-aluminum started to react with solid products decom-
posed from FPUs to finally release a tremendous amount of
heat, which in return assisted the melting of AINPs to reach
nearly full consumption.

A schematic illustration of this reaction mechanism is
included in Fig. 12. Our results suggest that the energetic
component and fluorinated component decompose indepen-
dently at different stages during the combustion of FPUs/AINPs
composites. However, when these two are combined in one
FPU, the heat released from the decomposition energetic
component facilitated the melting of AINPs, and the reactive
species from the decomposition of the fluorinated component
reacted with the retardant alumina layer, exposing more
aluminum surface for further reaction. These two effects work
synergistically to facilitate the energy propagation in compos-
ites, resulting in significantly improved combustion efficiency
of AINPs and tremendously enhanced energy release from the
composites.

Conclusions

In the current study, a series of aluminum nanoparticle-based
energetic composites with fluorinated energetic polyurethanes
as binder were prepared, and their properties and performance
were carefully evaluated. These polyurethanes could endow the
composites with decent and tunable mechanical properties.
More importantly, the application of these fluorinated and
energetic polyurethanes as binders for energetic composites
with aluminum nanoparticles could significantly improve the
combustion efficiency of the metallic fuels, and enhance the
energy release from the energetic composite materials at the
same time, revealing great potential in the application of
energetic materials. A detailed combustion mechanism was
identified based on the analysis of combustion products and
chemical reaction neural network model. It was found that the
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energetic and fluorinated components work synergistically
during the decomposition process to facilitate energy propa-
gation in aluminum nanoparticles, which is the key for such
high-performance energetic composites. It can be envisioned
that these fluorinated energetic polyurethanes will surely be
very useful in the field of energetic composite materials such as
thermite, solid propellants, explosives, pyrotechnics, and so
0n'47,48
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