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A B S T R A C T

Using thermal analysis techniques to explore the relation between temperature and physical and
chemical changes in materials is crucial for studying the reaction processes of energetic materi-
als. Herein, thermogravimetry–mass spectrometry was used to study the reaction process of
B/KNO3/polyvinylidene fluoride (PVDF) composites. The effects of different PVDF and B con-
tents on the decomposition process, pressure release properties and heat of combustion of the
composites were investigated. Furthermore, the thermodynamic and kinetic responses of the
composites in a linear integrated state after stimulation at different temperatures were studied.
The results show that the addition of PVDF lowered the temperature at which KNO3 decomposed
and released [O], enabling the composite to react at a lower temperature. Although the initial re-
action temperature increased with increasing PVDF content, excessive PVDF hindered the heat
and mass transfer between particles, thereby deteriorating the pressure release characteristics
and heat of combustion of the composite. In addition, the B/KNO3/PVDF composites were chemi-
cally stabilized by heating at 60 °C for 90 d or at 150 °C for 2 h. This treatment ensured stable
combustion and pressure release of the composites. These results provide a reference for studying
the reactivity and functional applications of B/KNO3 composites.

1. Introduction
Energetic materials are characterized by explosive groups or comprise oxidants and fuels that can perform chemical reactions in-

dependently, releasing energy. These types of materials are characterized by high energy density and efficient energy release [1,2].
They have become a fundamental component in aerospace [3–5], explosive processing [6,7], detonation [8–10], military pyrotech-
nics [11–13], and other fields. Studying the reaction process of energetic materials is important for research on their modification and
functional application. In recent years, many technologies have emerged for investigating the reaction process of rapid reaction sub-
stances [14–18]. Techniques employing Fourier-transform infrared (FTIR) spectroscopy or mass spectrometry (MS) can rapidly detect
the reaction products under temperature-jump changes, making them suitable for actual monitoring of reactions. However, these
techniques often overlook the changes in the physical and chemical properties of energetic materials with temperature, limiting their
effectiveness in studying the reaction process of energetic materials. Thermal analysis is a technique that measures the temperature
dependence of the physical properties of substances at a programed temperature [19], and it has been widely used in the field of ener-
getic materials [20–25]. By combining thermal analysis techniques with substance detection methods, researchers can observe the
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changes in reaction products with temperature, thereby providing an effective method for studying the reaction process of energetic
materials.

Compared with intramolecular energetic materials, intermolecular energetic composites comprising fuels and oxidants exhibit
higher energy densities and easier energy release regulation [26–28], making them versatile for various applications. One such com-
ponent is the B/KNO3 composite, which is often used as a safe ignition agent in various ignition and fire transmission systems because
of its high ignition capacity, high calorific value of combustion, high safety, and satisfactory stability. It is applied in contexts such as
explosive sequences [29] and aerospace ignition devices [30,31]. In this composite, B serves as the fuel and KNO3 functions as the oxi-
dant. The understanding of how fuels and oxidants react and release energy has attracted considerable attention, enabling notable
achievements [32,33]. In addition, the introduction of polyvinylidene fluoride (PVDF) in this system allows for the integration of the
composite powder using direct ink writing technology [27]. This innovation holds considerable importance for the application of the
B/KNO3 composite in microenergy devices; however, it changes the reaction path of the composite. Although the positive effect of flu-
orine-containing substances on the removal of the oxide layer of B fuel has been reported [34–38], the influence of PVDF on the oxy-
gen release of the oxidant and the overall reaction system's process has not been studied.

In addition, energetic materials must exhibit long-term thermal stability to maintain stable energy release in practical applications
[39]. In other words, these materials must maintain stable reaction thermodynamics and kinetics under different temperature stimuli.
This is important for reducing defense budgets, enhancing the safety of energetic materials throughout their life cycle, and addressing
complex operational environments. Consequently, the heat-resistant properties of energetic materials have received widespread at-
tention [39–43], particularly for energetic composites comprising active fuels and oxidants, where spontaneous reactions can lead to
physical or chemical changes [44,45]. Although the temperature-resistant properties and aging mechanisms of B/KNO3 have been
studied [31,39], these studies have primarily focused on the thermodynamic changes of the composites. The dynamic response of the
composites under different heating conditions, particularly the reaction kinetics in the linear integrated state, has not been reported.

In this study, the decomposition processes of the KNO3 oxidant and KNO3/PVDF composite were investigated using thermo-
gravimetry (TG)–MS. In addition, the reaction process of the B/KNO3/PVDF composite was studied. On this basis, the effects of differ-
ent PVDF and B contents on the reaction process of the composites were analyzed by thermal analysis. The functional relation be-
tween the initial reaction temperature of the composite and the PVDF and B contents, as well as the change rule of weight loss, was es-
tablished. In addition, the thermal decomposition process of the composites under different temperature stimuli was investigated. A
high-speed camera and a closed-volume tank were used to demonstrate the dynamic response of the composites to temperature stim-
uli. These studies not only revealed the influence mechanism of PVDF on the reaction process of B/KNO3 composites but also exam-
ined the thermal stability of the composites under different temperature stimulation conditions. By providing data support for the re-
activity study of B/KNO3 composites, these findings also provide a reference for the functional application of B/KNO3 composites.

2. Experimental section
2.1. Chemicals

Amorphous boron (B, Nangong Bole Metal Material Co., Ltd., China) was used as the fuel, and potassium nitrate (KNO3, Chengdu
Cologne Chemical Co., Ltd. China) was used as the oxidant. The ultrafine potassium nitrate was prepared by nozzle-assisted simulta-
neous precipitation (NASP) in the laboratory. Polyvinylidene fluoride (PVDF, Dongguan Shunjie Plastic Technology Co., Ltd. China)
was selected as the binder, and N, N-dimethylformamide (DMF, Tianjin Aowei Chemical Reagent Co., Ltd. China) was chosen as the
solvent to dissolve the PVDF binder.

2.2. Fabrication and direct ink writing of energetic inks
A certain amount of PVDF was dissolved in DMF to prepare a stable binder solution with a concentration of 1g/20 ml. 93 wt %

KNO3 was placed in the binder solution, and the mixture was homogeneously mixed with the aid of a planetary gravity stirring device
(Mianyang Shinuo Technology Co., Ltd. China). The mixture was dried at 60 °C for 7 days to obtain a KNO3/PVDF composite. The
binder solution was prepared according to the ratio in Table S1-2, and a certain amount of B and KNO3 was weighed according to the
fuel/oxidant ratios in the table. Then B and KNO3 were sequentially placed in the prepared PVDF solution and mixed with a planetary
gravity stirring device. With the help of direct ink writing (DIW) technology, energetic inks were prepared into energetic sticks [27].
All the energetic sticks were 1 mm × 1 mm × 30 mm.

2.3. Heating treatment of energetic sticks
The energetic sticks were heated using a digital temperature-controlled heating furnace (laboratory-made). The PVDF content in

the energetic sticks is 7 wt %, and the ratio of B and KNO3 is 1:3 (B content is 25 wt %). In a typical experiment, energetic sticks were
heated at 60 °C for 7 d, 15 d, 30 d, 60 d, and 90 d to verify the long-term thermal stability of energetic composites under 60 °C tem-
perature stimulation, which is important for the storage of energetic materials. In addition, the energetic sticks were heated at 150 °C,
250 °C, and 350 °C for 2 h to verify the short-term thermal stability of the energetic composites at higher temperatures, which is very
important for the high-temperature environmental adaptability of the energetic composites. In order to avoid the interference of oxy-
gen in the atmospheric environment, all heat treatments were carried out in an argon atmosphere. Before heating, the furnace body
was filled with argon (5 L min−1 argon flow for 2 min). After starting the heating program, argon was introduced at a flow rate of
20 mL min−1.
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2.4. Characterization
After the heating treatments of different heating temperatures and heating times, the microscopic morphology of the energetic

sticks was observed by An S4700 scanning electron microscope (SEM, Hitachi, Japan), and the elemental valence states of the differ-
ent composites were analyzed using an X-ray photoelectron spectroscopy (XPS, Thermo Kalpha, USA) to study the oxidation of the
composites at different temperature conditions. A differential scanning calorimeter (DSC, Setaram, France) and a TGA 2 thermogravi-
metric analyzer (TG, Mettler Toledo, Switzerland) were used to test the thermal decomposition process of different composites and
composites treated at different conditions. The test temperature was 50–600 °C and the heating rate was 10 K min−1. The gas prod-
ucts were analyzed by the Thermogravimetric-mass spectrometry method (TG–MS, Rigaku, Japan) to study the reaction process of the
composites. The test temperature was 50–800 °C and the heating rate was 10 K min−1. All the tests were carried out in an argon envi-
ronment. An oxygen bomb calorimeter was used to measure the heat of combustion of the different composites. 1g of the tested com-
posites were weighed, and ignited in an argon atmosphere using the Joule-heated Ni–Cr wire.

2.5. Combustion and pressure output tests
The combustion process of the energetic sticks at different heating temperatures and heating times was observed using an i-SPEED

221 high-speed camera (iX Cameras, UK), and the linear burning rates of the energetic sticks were calculated concerning our previous
study [27]. The pressure release characteristics of the composites were tested using a closed-volume tank with a volume of 20 ml.
5 mg of the energetic composite was placed in the center of the tank, and ignited with the Joule-heated Ni–Cr wire of a power supply
voltage of 3V.

3. Results and discussion
3.1. Effect of PVDF on the decomposition of KNO3

Herein, KNO3 was used as an oxidant, and its decomposition played a major role in the reaction process of the system. The thermal
decomposition behavior of KNO3 was analyzed using thermogravimetric differential thermal analysis (TG–DTG), and the correspond-
ing curves are shown in Fig. 1a. The onset decomposition temperature was approximately 602.05 °C, and the temperature at which

Fig. 1. TG–DTG curve (a) and MS curves (b and c) for KNO3 and TG–DTG curve (d) and MS curves (e and f) for PVDF/KNO3.
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the reaction reached its maximum rate was approximately 661.82 °C. MS was used to analyze the gaseous reaction products of KNO3
(Fig. 1b and c). The primary gaseous product of the reaction was NO (m/z = 30), which mainly appeared between 500 °C and 800 °C.
In addition, the MS curves showed peaks at m/z = 16, 32, 44, and 46, corresponding to the release of O, O2, N2O, and NO2, respec-
tively (Fig. 1c). These results indicate that the decomposition reaction of KNO3 mainly occurs between 500 °C and 800 °C, and the
possible reactions are as follows:

KNO3 → K
+
+ NO + O

−

2

KNO3 → K
+
+ NO

−

2
+ O

KNO3 → KO
−
+ NO + O

+

2KNO3 → 2KO
−
+ N2O

−
+ 3O

+

After the addition of 7 wt% PVDF, the decomposition reaction of the composite changed from one to three stages (Fig. 1d). The
onset temperature of the first reaction stage was 427.88 °C, which is consistent with the decomposition temperature of PVDF (Fig.
S1). Therefore, the reaction in the first stage may correspond to the decomposition of PVDF. The onset temperature of the second re-
action stage was 450.05 °C, and the temperature at which the reaction reached the maximum reaction rate was approximately
457.43 °C. This result indicates that the addition of PVDF facilitated the decomposition of KNO3 at a lower temperature. The third re-
action stage started at 603.45 °C, and the temperature at which the reaction reached its maximum rate was approximately 660.91 °C,
which was consistent with the decomposition of KNO3. According to the MS curves (Fig. 1e), the main gaseous products of the decom-
position of KNO3 with the addition of PVDF were N2O (m/z = 44) and NO (m/z = 30). N2O was mainly released at 400°C-500 °C,
corresponding to the second stage of the reaction. Conversely, NO was released at 400°C-500 °C and 500°C-800 °C, corresponding to
the second and third stages of the reaction. In addition, peaks at m/z = 14, 16, 28, 32, and 46 were observed between 400 °C and
500 °C (Fig. 1f), representing the release of N, O, N2, O2, and NO2, respectively. Peaks corresponding to O, O2, and NO2 were also ob-
served between 500 °C and 800 °C. Therefore, the addition of PVDF advanced the decomposition temperature of KNO3 from 500°C-
800 °C to 400°C-500 °C, with N2O becoming the dominant gaseous product in this temperature range. Notably, N2O decomposes at
high temperatures to produce oxidizing gas. Possible reactions may include the following:

N2O → N
−

2
+ O

+

N2O → NO
−
+ N

+

2N2O → 2N2 + O2

The results show that the decomposition products of KNO3 are dominated by NO. However, with the addition of PVDF, the decom-
position pathway of KNO3 was changed, leading to an advancement in the decomposition temperature and the generation of NO and
N2O as the main products. Consequently, KNO3, as an oxidizing agent, does not directly decompose to produce a large amount of oxy-
gen to participate in the reaction. Instead, it decomposes to produce oxidizing species [O] that actively participate in the reaction of
the composite. These oxidizing species may include oxide ions, oxygen ions, oxidizing fragments, and a small amount of gaseous oxy-
gen.

3.2. Effect of PVDF on the reaction process of B/KNO3 composites
The differential scanning calorimetry (DSC) curves of the energetic composites are shown in Fig. 2a. Two endothermic peaks ap-

peared at approximately 139.2 °C and 332.76 °C, corresponding to the transcrystallization and melting of KNO3, respectively. This is
consistent with the DSC curve of KNO3 (Fig. S2). However, B/KNO3 exhibited single-stage decomposition with a reaction peak tem-
perature of 549.1 °C, as evidenced by the TG–DTG curve (Fig. S3). The MS analysis results (Fig. 2b) revealed the presence of a single
NO peak with a peak temperature of 551.38 °C, which is consistent with the reaction stage observed in the DSC and TG curves. How-
ever, the reaction temperature of the composite was much lower than that of KNO3, and the reaction occurred before the release of
the oxidizing gasses. Therefore, the reaction of B/KNO3 can be better explained by a condensed-phase reaction. As shown in Fig. 2c,
KNO3 melts at 332.76 °C and wraps the B particles, and the melting point of B2O3 is approximately 450 °C. Therefore, the [O] species
in the molten KNO3 diffuses through the molten layer to the B nucleus, where it undergoes a slow redox reaction with B. The heat gen-
erated by this reaction accumulates until the system reaches its ignition temperature (538.76 °C).

After the addition of 7 wt% PVDF, the peak temperature of the main reaction appeared at 489.3 °C, which was 59.8 °C lower than
that of the B/KNO3 composite. Furthermore, compared with the B/KNO3 composite, distinct exothermic peaks appeared in the range
of 420 °C-470 °C, indicating an earlier occurrence of the reaction. This change was caused by the early decomposition of KNO3 under
the action of PVDF, because the DSC curve of PVDF/KNO3 composite also showed exothermic peaks in this temperature range (Fig.
S4). The PVDF/KNO3 composite decomposed at 427.88°C-456.44 °C (Fig. 2d), where the generated [O] species ignited with B in ad-
vance through the molten layer. Therefore, the MS analysis of the B/KNO3/PVDF composite exhibited a strong NO release peak in the
range of 400°C-500 °C (Fig. 2b). In addition, a small NO release peak appeared at 589.35 °C, which was also observed in the MS curve
of the B/KNO3 composite. This phenomenon can be attributed to the decomposition of excess KNO3. Notably, compared with the de-
composition of KNO3 and PVDF/KNO3 composites, this temperature was increased by approximately 46 °C because of the influence of
the exothermic reaction in the system.
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Fig. 2. DSC curves of composites with different PVDF contents (a), MS curves of B/KNO3 and B/KNO3/PVDF at m/z = 30 (b), and the reaction process of the two
composites (c and d). The initial reaction temperature curve (e) and the weight loss at different reaction stages (f) of composites with different PVDF contents.

Moreover, as the PVDF content increased from 3 to 15 wt%, the peak temperature of the main reaction decreased from 509.9 °C to
456 °C. In addition, the TG–DTG curves of energetic composites with different PVDF contents (Fig. S5) exhibited two stages of the de-
composition reaction. Based on the tangent method, the onset reaction temperature and weight loss of all curves at different reaction
stages were determined (Fig. 2e and f). Compared with the B/KNO3 composite, the initial reaction temperature of the main reaction
of the composite decreased from 538.76 °C to 450.94 °C after the addition of PVDF. With an increase in the PVDF content from 3 to
11 wt%, the initial reaction temperature of the first stage of the reaction decreased from 438.11 °C to 404.89 °C, and the weight loss
increased from 17.03% to 33.66%, indicating a more complete redox reaction. On the one hand, the addition of more PVDF results in
the production of more oxidizing substance [O] in the temperature range of 400°C-500 °C, facilitating an easier ignition reaction for
B. On the other hand, the decomposition of PVDF, which contains a high content of F and H, can produce a large amount of HF gas or
F–C fragments (Fig. S6). These substances can react with the high boiling point and low melting point oxide layer (B2O3) on the outer
layer of B, thereby eliminating the limitation of the redox reaction due to the inert oxide layer and condensed-phase products
[46–48]. However, note that a very high PVDF content hinders the heat and mass transfer of the composite. As the PVDF content con-
tinues to increase, the initial reaction temperature of the composite no longer increases, and the weight loss decreases.

3.3. Effect of B content on the reaction process of the composites
The fuel and oxidant contents in the system also affect the reaction process of the composite. When the B content was 10 wt% (Fig.

3a), the DSC curve of the composites exhibited multiple peaks. The first three peaks represent the decomposition of PVDF/KNO3 and
the exothermic reaction of B with the oxidizing substance [O]. The last two peaks represent the main reaction of B with KNO3. How-
ever, at this time, the system was in a fuel-poor state, indicating that there was not enough fuel to participate in the redox reaction. In
addition, some of the heat generated during the reaction was used to decompose excess KNO3. Therefore, the exothermic peaks of the
reaction were more disorganized because of the influence of the endothermic reaction. The TG–DTG curve (Fig. S7a) exhibited three
reaction stages. Furthermore, based on the MS curve (Fig. 4a), when the B content was 10 wt%, the curve exhibited three stages of NO
release. The first and second stages corresponded to the reaction of the two stages of the composite, and the NO release in the third
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Fig. 3. DSC curves (a), initial reaction temperature curves (b), and weight loss image at different reaction stages (c) of composites with different B contents.

Fig. 4. NO (a) and N2O (b) release curves of composites with different B contents.

stage represented the decomposition of excess KNO3. As the B content increased up to 40 wt%, the system became slightly fuel-rich.
The excess fuel compensated for the proportion of the inert oxide shell in the system and the fuel loss caused by the condensed-phase
reaction, resulting in an almost complete reaction. The last two exothermic peaks of the DSC curve merged, and the reaction trans-
formed from three to two stages (Fig. S7 b–d). As the B content continued to increase to 80 wt%, the DSC curve exhibited only one re-
action exothermic peak, and the TG–DTG curves exhibited a single-stage reaction (Fig. S7 e–h). The MS curves (Fig. 4a) exhibited a
gradual change toward single-stage NO release. This change occurred because the system had entered the fuel-rich stage with insuffi-
cient oxidant to support a complete reaction. This is evidenced by the XRD results of the condensed phase products (Fig. S8). The peak
shape gradually shifted to a bulging peak with increasing B content, as the amount of unreacted amorphous B in the product in-
creased. In addition, the MS curves of the composites with different B contents showed a peak of N2O between 400 °C and 500 °C (Fig.
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4b), indicating that the addition of PVDF promoted the early decomposition of KNO3, thereby allowing the composites to proceed at a
lower temperature. This is consistent with the results presented in the previous section.

Note that the mass fractions of B and KNO3 here do not consider the PVDF content, as the PVDF content remained constant in all
formulations (7 wt%). As the B content increased from 10 to 80 wt%, the intensity of the endothermic peaks representing the crystal-
lization and melting of KNO3 at approximately 139.2 °C and 332.7 °C decreased gradually because of the decreasing KNO3 content.
The exothermic peak temperature of the first stage of the reaction decreased from 452.23 °C to 442.58 °C with increasing B content.
According to the TG–DTG curve, the initial reaction temperature curve and weight loss diagram of the different composites were plot-
ted (Fig. 3b and c). As the B content increased from 10 to 40 wt%, the initial reaction temperatures of the first and second stages of the
reaction decreased from 485.8 °C to 440.85 °C–483.62 °C and 411.14 °C, respectively. When the B content increased from 50 to
80 wt%, the initial reaction temperature decreased from 435.77 °C to 414.27 °C. Although the initial reaction temperature increased
with increasing B content, the completeness of the reaction was reduced, as evidenced by a decrease in the weight loss of the system.
This reduction occurred because the oxidant was insufficient to fully react with the fuel.

3.4. Pressure output characteristics of the composites
The pressure output characteristic of the composites is an essential property for assessing the reactivity of energetic materials.

Based on the pressure–time curves of the different composites (Fig. 5a and c), the pressurization rate is plotted as a function of the
PVDF and B contents in Fig. 5b and d. The maximum pressure and pressurization rate of the composites exhibited an increasing and
then decreasing trend with increasing PVDF content, reaching their maximum value at 3 wt% PVDF content (5.98 MPa,
372.19 MPa s−1). However, when the PVDF content continued to increase to 15 wt%, the maximum pressure of the composites de-
creased to 2.21 MPa, and the pressurization rate decreased to 78.09 MPa s−1, which were only 39.25% and 29.08% of the composite
without PVDF, respectively. The addition of a certain amount of PVDF facilitated the decomposition of KNO3, and the HF and fluoro-
carbon fragments produced from the PVDF decomposition eliminated the limitations of the inert oxide layer. However, the excessive
addition of an inert binder hindered the contact between the fuel and oxidant, thereby reducing the heat and mass transfer rates and
lowering the pressure output characteristics of the composites.

The fuel content in the reaction system similarly affects the pressure release characteristics (Fig. 5c and d) because of the different
reaction rates and completeness. Previous studies have shown that a slightly fuel-rich environment is advantageous for the reaction of
energetic composites because it compensates for the percentage of inert oxide layer in the composites and the loss of unreacted fuel in
the condensed phase [27]. The highest weight loss was observed at a B content of 10 wt% (Fig. 3c) because the decomposition of the
excess oxidant produced more gas. However, higher gas production does not necessarily translate to higher pressure release charac-
teristics, particularly in terms of the pressurization rate, because pressure release capacity is also related to the reaction time. At this
point, the content of B (10 wt%) was insufficient, resulting in lower reaction energy and rate, leading to lower maximum pressure and
pressurization rate of the composite. The redox reaction was the most complete when the B content was between 20% and 30%. At
this time, the pressure–time curve exhibited the largest peak value with a sharp shape, indicating a higher pressure release and a
shorter reaction time, resulting in the highest pressurization rate. As the B content continued to increase, the amount of oxidant in the
reaction system became insufficient to completely oxidize all the fuels, leading to reduced reaction efficiency and heat release. The

Fig. 5. Pressure release test results for different composites. Pressure–time curves (a) and pressurization rate curve (b) of composites with different PVDF contents
when the content of B is 25 wt%. Pressure–time curves (c) and pressurization rate curve (d) of composites with different B contents when the content of PVDF is
7 wt%.
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peak shape of the pressure–time curve became gentler, the peak pressure decreased, and the reaction time increased, resulting in a de-
crease in the pressurization rate. When the B content was 80%, the peak pressure was 0.11 MPa and the pressurization rate decreased
to 0.28 MPa s−1. Therefore, the pressure release characteristics of energetic composites can be controlled by adjusting the binder con-
tent and fuel/oxidant ratio in the reaction system.

3.5. Heat of combustion of composites
Testing the heat of combustion of composites is important for studying heat release during combustion. When the B to KNO3 ratio

is 1:3, the heat of combustion gradually decreases as the PVDF content increases from 0 to 15 wt% (Fig. 6a). This indicates that the
addition of excess PVDF affects the heat release of the composite. Several possible reasons account for this observation: 1. The fuel in
the composite system decreases with increasing PVDF. 2. Excessive PVDF and its solid decomposition products hinder heat and mass
transfer between the fuel and oxidant. 3. The decomposition of PVDF requires heat absorption. Note that the magnitude of the reduc-
tion in the heat of combustion of the composite increases with higher PVDF content, particularly when the PVDF content is > 7 wt%.
When the PVDF content is constant (taking a PVDF content of 7 wt% as an example), the heat of combustion changes with the change
in the B content. The heat of combustion shows a trend of increase–stability–decrease (Fig. 6b). When the B content is between 20 wt
% and 30 wt %, the heat of combustion reaches the maximum. At this point, the system is slightly fuel-rich and the redox reaction of
the composite is complete. Neither an excess of fuel nor an excess of oxidizer promotes the exothermic nature of the reaction.

3.6. Effect of heating stimulus on the decomposition process of composites
After heating the composites at 60 °C for 15–90 d, the TG test was performed. The results showed that the TG curves of all the

composites closely matched those of the composites heated at 60 °C for 7 d (Fig. 7a), with weight loss rates of approximately 28%.
This implies that the B/KNO3/PVDF composites exhibited remarkable chemical composition stability over an extended period at
60 °C, which is of great importance for the storage of energetic composites. Similarly, the composite demonstrated good stability after

Fig. 6. Heat of combustion of composites with different PVDF contents (a) and different B contents (b).

Fig. 7. TG results of the composites at different heating temperatures and heating times (a–c); SEM images of samples heated at 350 °C for 2 h (d and e) and 60 °C for
7 d (f and g). XPS results of the composites at different heating temperatures and heating times (h).
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heating at 150 °C for 2 h (Fig. 7b). The weight loss rate decreased after heating at 250 °C for 2 h. This result could be attributed to the
slow redox reaction occurring in the composite at this temperature. However, when heated at 350 °C for 2 h, the reaction process of
the energetic composites changed. The initial temperature of the first stage reaction was delayed from 427.04 °C to 446.17 °C, the ini-
tial temperature of the second stage reaction was delayed from 465.15 °C to 514.5 °C, and the weight loss rate was reduced from
28.66% to 20.43%. This indicates that the reactivity of the energetic composite was reduced because the reaction could only occur at
higher temperatures.

On the one hand, the melting point of KNO3 particles is approximately 335 °C (Fig. S2), and the solidification of molten KNO3 after
the temperature decrease causes an increase in the particle size of KNO3. After heating at 350 °C for 2 h (Fig. 7d and e), the particle
size of KNO3 was considerably larger than that of ultrafine potassium nitrate particles (Fig. 7f and g). This notable increase in particle
size reduced the contact area between the fuel and oxidant and subsequently decreased the reaction efficiency of the composites. TG
analysis was performed to measure the weight loss of the original composite (dried at 60 °C for 7 d) at 150 °C, 250 °C, and 350 °C for
2 h. The weight loss increased slowly when the composite was heated to 350 °C. Molten KNO3 encapsulates the B particles and reacts
with B in the condensed phase, thereby increasing the thickness of the inert oxide layer on the outside of B and reducing the activity
and reactivity of B particles. This observation is supported by an X-ray photoelectron spectroscopy (XPS) diagram of the composite.
When heated at 350 °C for 2 h (Fig. 7h), the content of B2O3 on the surface of the composite increased, indicating a thickening of the
outer layer of the B2O3 oxide shell. The ignition process of B is influenced by the bidirectional diffusion of fuel/oxidant [49,50], and
the increase in the inert B2O3 oxide layer with a low melting point and high boiling point hinders the heat and mass transfer of the re-
dox reaction, thereby reducing the reaction efficiency of the composite. In addition, the ratio of B2O3 to B on the surface of the com-
posite did not substantially change after heating at 60 °C for 15–90 d or at 150 °C for 2 h, indicating that the composite maintained
good chemical stability at this temperature. However, after heating at 250 °C for 2 h, the content of B2O3 on the surface of the com-
posite slightly increased, which affected the reactivity of the composite to a certain extent. These results are consistent with the TG
test results.

3.7. Effect of heating stimulus on the reactivity of composites
The ignition and combustion experiments were performed after various heating treatments. The flame propagation trajectories

were observed, and the linear burning rates of the different energetic sticks were calculated. Compared with the combustion process
of the energetic sticks heated at 60 °C for 15 d (Fig. 8a), the flame morphology of the energetic sticks heated at 60 °C for 30, 60, and
90 d (Figs. S9a–c) did not substantially change. Similarly, the flame propagation process and shape of the energetic stick heated at
150 °C and 250 °C for 2 h (Figs. S9d and e) remained relatively stable, with all flame fronts exhibiting stable linear propagation. How-
ever, when heated at 350 °C for 2 h (Fig. 8b), the flame area was considerably reduced, and no scorching particles were ejected out-
ward. During the combustion process of the energetic stick (Fig. 8c and d), the fuel and oxidant in the reaction zone undergo a redox
reaction, releasing a large amount of gas and generating pressure. This pressure propagates in the porous stick, providing a driving
force for the forward propagation of the flame. Simultaneously, the pressure diffuses outside the stick, causing the solid products to
splash in the direction opposite to flame propagation to form a flame zone. Therefore, the reaction kinetics of the energetic sticks are
closely related to the reaction pressure. When the heating temperature reached 350 °C, the oxide layer around B became thicker, and
the pure B content decreased (Fig. 8e). In addition, the inert oxide layer hindered heat transfer and the diffusion of fuel/oxidant,
thereby reducing the accumulation and propagation of reaction pressure. Consequently, this reduced the reaction kinetic characteris-
tics of the sticks.

The linear burning rates of the energetic sticks were calculated, and the results are presented in Fig. 8f and g. When the energetic
sticks were heated at 60 °C for 15, 30, 60, and 90 d, the burning rates were 59.55, 59.97, 60.42, and 59.55 mm s−1, respectively. The
standard deviations (SD) of all experiments were within 3 mm s−1, indicating minimal differences in reaction kinetics and excellent
chemical stability. The linear burning rates of the energetic sticks slightly increased to 70.93 and 75.39 mm s−1 when heated at
150 °C and 250 °C for 2 h. This can be attributed to the boiling point of dimethylformamide (DMF), which is approximately 153 °C.
The heating process resulted in a more complete volatilization of DMF from the energetic sticks. Furthermore, when heated to a tem-
perature of 250 °C, PVDF melted, and after cooling, the melted PVDF solidified, causing the internal pore structure of the stick to
change. As a result, the SD of the linear burning rate was higher. However, when the sticks were heated at 350 °C for 2 h, the linear
burning rate substantially decreased to approximately 12.56 mm s−1. Similarly, the pressure output characteristics of the energetic
composites exhibited similar trends (Fig. 8h and i). The peak pressures of the composites did not considerably change when heated at
60 °C for <90 d, which were all approximately 4.3 MPa. When heated at 350 °C for 2 h, the pressure release decayed because of the
slow redox reaction of the composites in the molten state, resulting in a reduction in the peak pressure to approximately 1.5 MPa.

4. Conclusion
Herein, the reaction process of B/KNO3/PVDF energetic composites with different PVDF and B contents was studied using TG–MS.

Furthermore, the pressure output characteristics of the different composites were studied. The effects of different temperature treat-
ments on the decomposition and reaction properties of the energetic sticks were also studied. The results showed that a condensed-
phase reaction occurred between B/KNO3 because the reaction was performed before the decomposition of the oxidant, and the oxi-
dant had no obvious oxidizing gas release. The addition of PVDF changed the decomposition path of KNO3, causing it to decompose
between 400 °C and 500 °C and releasing more N2O gas during this stage. This led to the oxidant decomposing at a lower temperature
and producing the oxidizing substance [O], which reacted with B in advance. Therefore, the reaction temperature of the
B/KNO3/PVDF composite was approximately 100 °C earlier than that of the B/KNO3 composite. By increasing the PVDF content from
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Fig. 8. Combustion snapshots of energetic sticks heated at 60 °C for 15 d (a) and 350 °C for 3 h (b); schematics of the reaction processes of the energetic sticks under
different heating conditions (c–e); burning rate distribution images of energetic sticks heated at 60 °C for long periods (f) and at high temperature for 2 h (g); and the
pressure–time curves of energetic sticks heated at 60 °C for long periods (h) and at high temperature for 2 h (i).

3 to 11 wt%, the initial reaction temperature of the system decreased from 438.11 °C to 404.89 °C. However, the addition of excessive
PVDF hindered the reaction because the inert material impeded heat and mass transfer between particles. Therefore, when the PVDF
content exceeded 11 wt%, the initial reaction temperature of the composite no longer advanced, and the weight loss was reduced. In
addition, according to the pressure–time curves, with increasing PVDF content, the maximum pressure and pressurization rate of the
composite decreased because the obstruction of heat and mass transfer led to a decrease in the reaction characteristics of the system.
Although the initial temperature of the reaction slightly advanced with increasing B content, an excessive amount of fuel or oxidant
was unfavorable for the complete reaction of the composites, resulting in poor reactivity. The pressure–time curves of composites
with different B contents showed the highest pressure release and pressurization rate when the B content was between 20% and 30%
(slightly fuel-rich). The thermal decomposition, combustion, and pressure output characteristics of the energetic sticks exhibited min-
imal changes within 90 d of heating at 60 °C and 2 h of heating at 150 °C, indicating good thermal stability of the energetic sticks un-
der these conditions. However, when heated at 350 °C for 2 h, KNO3 in the energetic stick melted and underwent a slow redox reac-
tion with B, increasing the B2O3 content in the composite and decreasing the active B content. Therefore, the pressure output charac-
teristics and combustion performance were reduced. This study demonstrates the reaction path of the B/KNO3/PVDF composite, re-
veals the influence of the composition and ratio on the reaction characteristics, and provides a reference for studying the reactivity of
B/KNO3. In addition, the temperature-resistant characteristics of B/KNO3 composites under temperature stimuli were studied, pro-
viding a reference for the long-term storage of energetic composites and their adaptability to high-temperature environments.
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