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A B S T R A C T   

Boron/potassium nitrate (B/KNO3) is a type of critical energetic composite material (ECM). However, the inert 
oxide layer on the B surface of B/KNO3 hinders the contact between pure fuel and oxidant, thus limiting energy 
release This limitation could be eliminated by adding highly reactive Al powder. To discern the effects of Al 
powder size on the reaction process and reactivity of B/KNO3, this study prepared Al/B/KNO3/polyvinylidene 
fluoride (PVDF) energetic sticks using the direct ink writing (DIW) technology. This study characterized the 
macroscopic morphology and structure of the energetic sticks using a laser scanning microscope and a scanning 
electron microscope, examined the reaction process of the composites using a differential scanning calorimeter 
and a thermogravimetric analyzer, and observed the flame propagation behavior of energetic sticks and energetic 
architectures using a high-speed camera. Furthermore, it tested the pressure output characteristics of the ener
getic composites using a closed volume tank. The results show that adding Al powder can improve the com
bustion efficiency of B/Al composite fuels and reduce the agglomeration of the combustion products. The Al 
powder with various particle sizes affects various reaction stages of the composite. The combustion and pressure 
output tests suggest that adding Al powder with a particle size of 1 μm yielded high reactivity and that flame 
jump propagation appeared in energetic architectures when the channel spacing was below 10 mm. These 
findings provide a guide for modifying the B/KNO3 energetic composites and regulating the reactivity of ener
getic sticks.   

1. Introduction 

ECMs, which are generally composed of energetic materials, binders, 
and other additives, play a vital role in the energetic material field. They 
are extensively applied in fields such as modified explosives,1–5 solid 
propellants,6–8 nanothermites,9–11 and semiconductor bridges 
(SCBs).12,13 They hold critical significance in the multifunctional and 
multifield applications of energetic materials. Compared to ECMs for 
explosives (intramolecular energetic compounds composed of C, H, O, 
and N), intermolecular reactive composite materials, with fuel/oxidant 
mixed components as the research subject, enjoy significant advantages 
in energy density14,15 and reactivity regulation scale.16 Among all active 
fuels, boron (B) has a higher bulk energy density (136 kJ cm− 3) and 
mass-energy density (58 kJ g− 1) than other active metals,17,18 frequently 
forming combustion systems with other components. These systems are 
widely used in solid propellants,19,20 thermobaric explosives,21,22 deep 

spacecraft,23 and gas generators.24 The B/KNO3 combination with a 
high calorific value and high stability is a representative.16,23 However, 
the high melting point (2074 ◦C) and high boiling point (2550 ◦C) of 
B25,26 necessitate high melting and vaporization temperatures. In other 
words, B can ignite only at a high temperature. Moreover, the low 
melting point (450 ◦C) and high boiling point (1860 ◦C) of boron oxide 
(B2O3) in the outer layer of B encapsulate B particles into liquid films 
during the combustion. This hinders the combustion of pure B particles, 
resulting in a long ignition time and incomplete combustion and thus 
impeding energy utilization.25–29 Therefore, enhancing the ignition and 
combustion performance and energy-release capacity of energetic 
composites with B as fuel has become the focus of research. 

Although the initial reaction temperature of a combustion system 
can be effectively reduced by adding fluororubber30,31 and metal fluo
ride,32,33 the addition of these inert substances decreases the combus
tion performance of the composite.32,34 Some methods, such as the 
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washed and surface-modified method,27 the high-energy ball milling 
method,35 and the electrostatic spraying method30,36 have been 
employed to replace the conventional mechanical mixing process, thus 
improving the B reactivity. However, these methods suffer complex 
processes and low production efficiency. Adding high-reactivity metals 
to B-containing systems30,37–41 has proven to be an effective way to 
overcome the poor ignition performance of boron fuel. Most especially, 
Al powder, characterized by a low price, high thermal conductivity, and 
strong reactivity, is frequently added to B-containing systems.30,41 

Nonetheless, micro- and nano-scale Al powders manifest distinct prop
erties, specifically in terms of specific surface area, active Al content, 
melting point, and reaction activation energy, resulting in different 
reactivity and energy characteristics.42,43 Although the above studies 
have confirmed that adding Al powder can enhance the ignition and 
combustion performance of B-containing systems, there is a lack of 
rearch on the effect of Al powder size on the reactivity of the systems. 
Similarly, the mechanism by which the Al powder size affects the re
action process of the composite system is still undefined. 

Besides, the powder integration of ECMs is still challenging, although 
fuel/oxidant composites with high reactivity and energy density have 
been successfully prepared using methods such as advanced mechanical 
mixing,35,44 the solvent/nonsolvent method,45,46 the electrostatic spray 
method,47 and the self-assembly method.48-50 With the miniaturization 
and customization of energy devices, ECM powders fail to meet the 
fine-scale and arbitrary requirements of the charging process. Fortu
nately, additive manufacturing technologies allow for the customization 
and micro-size assembly of ECMs, such as propellants,51–53 

explosives,54–57 and nanothermites.34,58–64 Among these technologies, 
the direct ink writing (DIW) technology, enjoying high dimensional 
freedom, high processing efficiency, and low cost, serves as a major 
charging method for micro detonation devices55,56 and microenergy 
release structures.16,61,62 With energetic particles as the principal part 
and binder as the skeleton, the DIW can achieve the orderly deposition 
of ECMs according to the preset program16 and the multidimensional 
formation of one-dimensional sticks, two-dimensional networks, and 
three-dimensional structures. Among them, energetic sticks are the basic 
unit. Therefore, it is particularly critical to study the energy release 
characteristics of ECMs in a linear state. However, there is a lack of such 
studies since most of research on B/Al-containing systems focuses on 
composite material powders.30,41 

In this study, Al/B/KNO3/PVDF energetic ink was prepared using a 
planetary mixer, with amorphous B as fuel, potassium nitrate (KNO3) as 
an oxidant, PVDF as a binder, and Al powders with different particle 
sizes (1 μm, 50 nm) as additives. Based on this, Al/B/KNO3/PVDF en
ergetic composite sticks with different Al particle sizes and Al contents 
were prepared using a visual DIW device. Their macroscopic and 
microscopic morphologies were characterized. Furthermore, their linear 
combustion properties and pressure output were studied, obtaining the 
Al content vs. linear burning rate curves. The decomposition processes of 
different Al/B/KNO3/PVDF ECMs were studied using the thermal 
analysis technology, followed by the revealing of the effects of different 
particle sizes and contents of Al powder on the peak temperature, 
enthalpy, and temperature range during the system reaction. Addition
ally, the flame propagation behavior of energetic architectures was 
explored. These efforts reveal the mechanism by which Al powder size 
influences the reactivity of Al/B/KNO3/PVDF energetic sticks and the 
reaction process of ECMs, assisting in research the energy-release ca
pacity of energetic composite sticks. 

2. Experimental section 

2.1. Chemicals 

Amorphous B, with an average particle size of about 1 μm, was 
purchased from Nangong Bole Metal Materials Co., Ltd., China. Al 
powders, with different particle sizes (about 50 nm and 1 μm), were 

purchased from Flance (Beijing) Nanotechnology. The particle size dis
tribution and SEM images of all the metal particles are shown in Fig. S1. 
KNO3 was purchased from Chengdu Kelong Chemicals Co., Ltd., China. 
Ultrafine KNO3, with an average particle size of about 5 μm, was pre
pared using the nozzle-assisted simultaneous precipitation (NASP) 
method. The solvent was purified water, and the non-solvent was 
anhydrous ethanol (Energy Chemical, China). PVDF (MW = 1,100,000) 
was purchased from Arkema, France, and N, N-dimethylformamide 
(DMF, 99.8 %) was purchased from Tianjin Shentai Chemical Reagent 
Co., Ltd. 

2.2. Preparation and combustion of B/Al composites 

A certain amount of B and Al powders (Table S1) were mixed with an 
appropriate amount of ethanol using a planetary mixer. Then, B/Al 
composites were obtained through filtration and drying. The combus
tion experiments of the powders were carried out in a quartz tube filled 
with oxygen, as shown in Fig. S1 a. The oxygen flow was maintained for 
2 min at a rate of 5 L min− 1 to ensure that the quartz tube was filled up 
with oxygen. The mass of the composites was 50 mg in each experiment. 
The composites were ignited using a Joule-heated Ni–Cr wire, and the 
power supply voltage was set to 3 V. 

2.3. Preparation and DIW processes of energetic ink 

The preparation and DIW processes of energetic inks are shown in 
Fig. 1. A certain amount of PVDF was dissolved in DMF, followed by 
magnetic stirring for 5 h to ensure complete dissolution. To ensure a 
uniform distribution, a planetary mixer was utilized to mix in a stepwise 
manner. The principle is that the turntable rotated around the center 
line of the equipment, while the container with inks on the turntable 
autorotated concurrently, producing a strong vortex ink flow. The shear 
force between the inks and the wall, as well as the interactions between 
the particles, made each component of the inks evenly dispersed. KNO3 
was added to the PVDF solution and mixed for 90 s at a rate of 1500 rpm 
in the planetary mixer. Then, Al and B were added in turn and mixed in 
the same way. Al/B/KNO3/PVDF inks with different Al particle sizes 
were prepared, and all formulations followed Table S2. The rheological 
properties of the inks were tested using an MCR 302 rheometer. The 
shear rate ranged from 0.1 to 50 s− 1, with 50 test points set. 

The inks were loaded into a syringe, which was then fixed to the DIW 
device. The pressure was set at 0.03–0.05 MPa to ensure that the inks 
could pass evenly through the needle (outer diameter: 0.98 mm). The 
temperature of the substrate was set to 75 ◦C to ensure solvent evapo
ration from the inks. In this study, energetic sticks were prepared 
through layer-by-layer stacking of energetic films, each of which had an 
average thickness of about 100 μm. Each energetic stick was super
imposed by 10 layers of energetic films, thus obtaining a cross-section of 
approximately 1 mm × 1 mm. 

2.4. LSM, SEM-EDS, XRD, DSC–TG, and pressure output tests 

The macroscopic morphology of energetic sticks was characterized 
using an LSM-900 laser scanning microscope (Carl Zeiss, Germany) to 
obtain the sections and 3D images of the sticks. The microstructure of 
the energetic sticks was observed using an S4700 scanning electron 
microscope (Hitachi, Japan), and the distribution uniformity of ener
getic sticks was characterized using an energy dispersive spectrometer 
(Oxford Xplore, Britain). The composition of energetic composites was 
determined using a DX-2700 X-ray diffractometer (Dandong Haoyuan 
Instrument Co., Ltd., China). The thermal decomposition properties and 
reaction processes of the energetic composites were analyzed using a 
differential scanning calorimeter (Setaram, France) and a TGA 2 ther
mogravimetric analyzer (Mettler Toledo, Switzerland). The pressure- 
time curves were obtained through a combustion experiment using a 
20 mL closed volume tank. A total of 5-mg-weight samples were 
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weighed and ignited using a Ni–Cr wire with a diameter of 0.25 mm. 

2.5. Combustion process of energetic sticks 

The flame propagation of energetic sticks during burning was 
tracked using an i-SPEED 221 high-speed camera (iX Cameras, UK). In a 
typical experiment, a 1 mm × 1 mm × 30 mm energetic stick was fixed 
within an explosion-proof box equipped with a filming window and was 
then ignited using a Joule-heated Ni–Cr wire (Fig. S2 b), which was 
powered by a VICTOR 3003 A DC Regulated power supply (Shenzhen 
Yisheng Shengli Technology Co., Ltd., China) to generate heat. To 

ensure consistent ignition energy, the power supply’s voltage was set to 
3 V. After the energetic stick was ignited, the flame propagated forward. 
The ignition point of the energetic stick was set as the origin of the co
ordinate. The distance from the flame front to the origin was considered 
as the flame displacement (Xn; Fig. S2e). With the Image J software, the 
displacement-time curve of the flame was derived, and the linear 
burning rate of the energetic stick was calculated. 

Fig. 1. Preparation and DIW processes of Al/B/KNO3/PVDF energetic inks.  

Fig. 2. Combustion and oxidation processes of fuels. Burning snapshots of B powder (a), nano-Al/B composites (b), and micro-Al/B composites (c); SEM images 
showing the combustion products of B powder (d), nano-Al (e), micro-Al (f), nano-Al/B composites (g), and micro-Al/B composites (h). 
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3. Results and discussion 

3.1. Combustion and oxidation characteristics of B/Al composites 

Fig. 2a–c depict the combustion processes of B powder, B/Al com
posites with 10 wt% nano-Al powder, and B/Al composites with 10 wt % 
micro-Al powder, respectively. The B powder had a long combustion 
time (2259 ms) and reached the maximum flame area (311.5 ms) after a 
long time. The addition of Al powder significantly shortened the com
bustion time of the composite. Unlike the combustion of B particles 
(Fig. 2a), when the composites containing nano-Al particles (Fig. 2b) 
reached the maximum flame area, the particles were observed spraying 
outward. This was caused by the melt dispersion mechanism of the 
nano-Al powder. The melting of the Al core increased the internal 
pressure of the particles and then caused the alumina shell to break.65,66 

The spattered Al droplets burned, and thus the high-boiling-point oxide 
shell of the B outer layer was removed in advance, increasing the 
burning rate of the composite. The same phenomenon was also observed 
during the combustion of the composites containing micro-Al (Fig. 2c), 
and the broken alumina shell was found in the SEM images of the 
combustion products of the micro-Al powder (Fig. S3a), suggesting that 
1 μm micro-Al powder exhibited the reaction characteristics of the 
nano-Al powder. The addition of 1 μm micro-Al powder increased the 
burning rate of the composite, although the combustion duration (895.5 
ms) and the time when the flame area peaked (144.5 ms) were longer 
than those of the composites containing nano-Al. 

Fig. 2d–h demonstrate the SEM images of the products. The com
bustion products (Fig. 2d) of B were large irregular agglomerates. Dur
ing the combustion, the B2O3 oxide layer around B melted and wrapped 
the pure B due to its low melting point and high boiling point, thus 
hindering the reaction between B and oxygen and reducing the com
bustion efficiency. Consequently, the molten oxide condensed rapidly 
post-combustion, forming large agglomerates. In contrast, the combus
tion products of Al (Fig. 2e and f) were less agglomerated. The com
bustion products of B/Al composites exhibited weakened agglomeration 
(Fig. 2g and h) due to the 10 wt% Al added. The combustion of Al 
eliminated the limitation of the B2O3 oxide layer. Consequently, B2O3 
reacted with Al2O3 at a high temperature, forming aluminum borate 

whiskers67 (including AlBO3, and Al4B2O9), as shown in Fig. S3 b–c. The 
initial reaction temperatures of the fuels were obtained through TG-DTG 
tests, as shown in Fig. 3, which reveals a two-stage oxidation process of 
single metals and a three-stage oxidation process of the composites with 
10 wt% Al powder. The initial reaction temperatures of B, nano-Al, and 
micro-Al were 608.18 ◦C, 533.62 ◦C, and 563.71 ◦C, respectively. The 
initial reaction temperatures of the composites with nano-Al (568.5 ◦C) 
and micro-Al (589.02 ◦C) powder were significantly lower than that of B 
powder because Al had higher reactivity than B and reacted with 
oxidant before B. 

3.2. Rheological properties and DIW of B/Al/KNO3/PVDF energetic inks 

Al/B/KNO3/PVDF energetic inks were prepared through stepwise 
mixing. Fig. 4a showcases the mixing results of inks after KNO3, B, and 
Al were added. All the inks displayed smooth surfaces, without 
agglomeration. The rheological properties of the inks were tested, as 
shown in Fig. 4b and c. All the energetic inks possessed strong shear- 
thinning characteristics, which was essential for their extruded and 
patterned deposition. At a lower shear rate (<30 s− 1), the viscosity of the 
inks tended to increase as the particle size of the Al power decreased. A 
smaller particle size corresponded to a larger specific surface area, thus 
increasing the contact area between solid particles. The friction between 
particles subjected to shear increased, increasing the viscosity of the 
inks. Similarly, the viscosity of the inks also increased as the amount of 
Al increased. 

The DIW technology allowed for the deposition on demand of the 
energetic inks as energetic sticks (Fig. 4 d), achieving the powder inte
gration of energetic composites. The sticks showed an approximately 
rectangular cross-section (Fig. 4e) with both a width and a thickness of 
about 1 mm. The 3D image of the energetic stick (Fig. 4f) shows a 
smooth surface and a regular shape, indicating that the DIW technology 
allows for the formation of energetic sticks with excellent forming ef
fects. In addition, all energetic sticks displayed a consistent size, which is 
crucial to research on the reactivity of different energetic sticks. The 
honeycomb pattern was prepared using the DIW technique and Al/B/ 
KNO3/PVDF inks containing nano-Al addition, as shown in Fig. 4g. This 
pattern suggests that viscoelastic inks with shear-thinning properties 

Fig. 3. TG-DTG curves of B powder (a), nano-Al (b), micro-Al (c), nano-Al/B composites (d), and micro-Al/B composites (e).  
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made it possible to prepare complex network structures, which is critical 
for achieving the orderly deposition of energetic arrays in micro-energy 
devices. The characteristic peaks for composites emerged as a combi
nation of the characteristic peaks of Al and KNO3, with the intensity of 
the characteristic peaks of Al decreased as the Al content decreased 
(Fig. 4h). Due to the use of amorphous B, the XRD pattern did not 
showcase the characteristic peak of B. 

3.3. Morphologies of B/Al/KNO3/PVDF energetic sticks 

The distribution of reactant components and the energy release of 
energetic composites are strongly connected.61 Especially for energetic 
sticks with small diameters, the uniformity of their composition has a 
significant influence on their combustion performance. When the re
actants are uniformly distributed, the fuel is in full contact with oxidant 
particles, resulting in more complete and rapid reactions of B/Al with 
KNO3 and a higher energy output. Therefore, it is crucial to ensure a 
homogeneous mixing of energetic components. 

Fig. 5a and b shows the SEM images of energetic sticks containing 10 
wt % micro-Al powder, indicating that the Al powder did not agglom
erate. Fig. 5c–f depict the SEM images of energetic sticks containing 
nano-Al powder. Notably, the nano-Al powder (Fig. 5e and f) proved 
more susceptible to agglomeration than the micro-Al powder. Fig. 5g 
and h show the EDS diagrams of the cross-sections of energetic sticks 
containing 50 nm and 1 μm Al powder (10 wt%), respectively. The Al 
element (orange) represents the distribution of nano-Al powder, and the 
B (cyan), K (purple), and F elements (green) represent the distribution of 
amorphous B, ultrafine KNO3, and PVDF, respectively. The EDS results 
show that the nano-Al powder showed agglomeration behavior (Fig. 5g) 
compared to the energetic sticks containing 1 μm Al powder (Fig. 5h). 
Although the homogeneity of the composites was significantly improved 

by mixing with a planetary mixer, the physical mixing method cannot 
fundamentally address the problem of the agglomeration of nano- 
powders. In addition, the SEM images (Fig. S4) and EDS images 
(Fig. S5) of energetic sticks with different Al contents (1 μm) also 
showed the uniform distribution of various components. 

3.4. Thermal decomposition of al/B/KNO3/PVDF energetic sticks 

The DSC curves of Al/B/KNO3/PVDF energetic composites are 
shown in Fig. 6a and b. The first endothermic peak emerged at 142.71 
◦C, representing the crystal transformation of KNO3. The second endo
thermic peak appeared at 337.92 ◦C, representing the melting of KNO3. 
These curves were consistent with the DSC curve of the B/KNO3/PVDF 
energetic composites (Fig. S6 a), which shows three decomposition 
exothermic peaks. The first peak represented the decomposition of PVDF 
and the reaction of its decomposition product with metals, metal oxide 
layers, or oxidants. The second and third peaks represented the two 
stages of the B/KNO3 reaction because the MS equipment captured NO 
(m/z = 30, Fig. S6 b) between 400 ◦C and 500 ◦C. In addition, TG–DTG 
images also clearly indicate the two stages of the main reaction (Fig. S7). 
As the Al–F or the Al–O reactions released heat, the first and second 
exothermic peaks were superimposed, forming an exothermic peak after 
the Al powder was added. The difference was that the peak temperature 
of the exothermic peak and the reaction enthalpy varied with the par
ticle size and Al content. These results are shown in Fig. 6c and d, where 
T and E represent the peak temperature and reaction enthalpy, respec
tively, the numbers immediately following T and E represent the first or 
second exothermic peak, and the last numbers represent the particle size 
of Al. 

In the first reaction stage of Al/B/KNO3/PVDF, the peak reaction 
temperature slightly changed after micro-Al powder was added 

Fig. 4. Direct ink writing of energetic inks. Optical images of energetic inks obtained through stepwise mixing (a); Shear rate-viscosity curves of energetic inks with 
10 wt % different Al particle sizes (b); Shear rate-viscosity curves of energetic inks with different 50 nm Al contents (c); Optical image (d), cross-section profile (e), 
and 3D image (f) of an energetic stick with 10 wt % 50 nm Al powder; Optical image of a honeycomb network structure prepared using the DIW technology and 
containing 10 wt % 50 nm Al powder (g); XRD results of samples with different Al contents and an Al particle size of 50 nm (h). 
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compared to that of the B/KNO3/PVDF composites (461.31 ◦C). In 
contrast, the addition of nano-Al with content over 2.5 wt% can reduce 
the peak reaction temperature. In instances where the nano-Al content 
was 10 wt%, the reaction temperature in the first stage was reduced to 
443.6 ◦C. In the second reaction stage, the addition of 1 μm and 50 nm Al 
powder with a content of 10 wt% decreased the peak reaction temper
ature to 479.65 ◦C and 487.64 ◦C, respectively compared to that of the 
B/KNO3/PVDF composites (496.4 ◦C). This is closely related to the re
action characteristics of Al powder with different sizes. As shown in 
Fig. 3c, the oxidation reaction of micro-Al powder was concentrated 
between 800 ◦C and 1000 ◦C, with only a small number of particles 
oxidized between 600 ◦C and 800 ◦C. Therefore, the addition of micro-Al 
could not significantly reduce the peak temperature of the first reaction 
stage but had a significant effect on the peak temperature of the second 
reaction stage. In contrast, nano-Al was almost completely oxidized 
between 500 ◦C and 800 ◦C (Fig. 3b). Therefore, the addition of nano-Al 
powder had a great influence on the peak temperature of the first re
action stage. Similarly, the changes in reaction enthalpy showed the 
same trend (Fig. 6d). The addition of micro-Al significantly increased the 
enthalpy of the second reaction stage, while the addition of nano-Al 
greatly increased the enthalpy of the first reaction stage. In the first 
reaction stage, the reaction enthalpy increased from 290.31 J g− 1 to 
1319.91 J g− 1 when 10 wt% nano-Al was added. In the second reaction 
stage, the reaction enthalpy of the composites reached 1821.16 J g− 1 

when 10 wt% micro-Al was added. In contrast, the addition of nano-Al 
did not significantly increase the reaction enthalpy of the second reac
tion stage. The reason is that nano-Al greatly promoted the exothermic 
reaction of the first stage, causing the reaction to be more prone to occur 
at a lower temperature. 

The TG–DTG test results are shown in Fig. S8. Fig. 6e and f shows the 
variations in the initial temperature, the end temperature, and the re
action temperature range of the reaction of the energetic composites 
with different Al contents. The reaction temperature range could effec
tively account for the reaction efficiency of energetic composites. Spe
cifically, a smaller reaction temperature range corresponded to higher 
reaction efficiency. The addition of low-content Al (2.5 wt%) neither 
shortened the temperature range of the reaction nor intensified the re
action process of the composite. Compared to the B/KNO3/PVDF ener
getic composites, the Al/B/KNO3/PVDF composites exhibited a 
significantly reduced reaction temperature range in instances where the 
micro-Al powder content was over 5 wt%, suggesting that its reaction 
efficiency was improved. In contrast, the addition of nano-Al powder did 
not significantly reduce the reaction temperature range of the Al/B/ 
KNO3/PVDF composites but significantly decreased the temperature at 
the end of the reaction (Fig. 6f). 

Although Al powder with different particle sizes affected different 
reaction stages of energetic composites, the addition of a certain amount 
of Al powder improved the reaction enthalpy and efficiency of energetic 

Fig. 5. SEM images of cross sections of Al/B/KNO3/PVDF energetic sticks with different Al particle sizes at different magnifications. The particle sizes of Al are 1 μm 
(a–b), and 50 nm (c–f); EDS images of energetic sticks containing 10 wt% 50 nm Al powder (g), and EDS images of energetic sticks containing 10 wt% 1 mm Al 
powder (h). 
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composites. This implies enhanced reactions of the composites. The re
action process of B/KNO3/PVDF energetic composites was completed by 
the B–O diffusion of B particles and molten KNO3 (Fig. 6g). In other 
words, at a certain temperature, B dissolved in molten B2O3, forming 
(BO)n liquid films, which diffused outward and reacted with O. 
Concurrently, O diffused inward and reacted with B. Experiments have 
shown the coexistence of this bilateral diffusion,68–70 suggesting that the 
molten oxide layer continuously thickened during the reaction. This 
coexistence is unfavorable for the ignition and combustion of energetic 
composites. After adding a certain amount of Al powder, Al reacted with 
KNO3 before B and released heat due to its higher reactivity.41 As a 
result, the high boiling point of the inert B2O3 oxide layer could be 
removed at a high temperature, and pure B particles could be exposed 
and participate in the oxidation reaction (Fig. 6h). Therefore, the 

ignition characteristic of the composites was improved. 

3.5. Combustion performance and pressure output of energetic sticks 

Stable flame propagation is of great significance to the reliable en
ergy output of energetic sticks. Fig. 7a and b shows the combustion 
process of Al/B/KNO3/PVDF energetic sticks with different Al particle 
sizes and different Al contents. All energetic sticks exhibited steady 
forward flame propagation and consistent linear burning rates during 
their combustion. The flames of the energetic sticks with micro-Al 
powder diffused forward and backward. In the combustion process of 
the energetic sticks with nano-Al powder, bright particles ejected out
ward more significantly although the flames weakened. This phenom
enon is related to the combustion characteristics of the nano-Al powder 

Fig. 6. DSC curves of Al/B/KNO3/PVDF energetic composites with Al particle sizes of 1 μm (a) and 50 nm (b); the peak temperature (c) and enthalpy of reaction (d) 
of different energetic composites; the reaction temperature ranges of energetic composites with Al particle sizes of 1 μm (e) and 50 nm (f); The reaction process 
diagrams of B/KNO3/PVDF (g) and Al/B/KNO3/PVDF (h) energetic composites. 
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Fig. 7. Burning snapshots (a–b), burning rate vs. Al content curves (c–d), pressure vs. time curves (e–f), and pressurization rate vs. Al content curves (g–h) of Al/B/ 
KNO3/PVDF energetic sticks with different Al particle sizes. 
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and is consistent with the combustion of B/Al composites. 
The burning rates of all the sticks are shown in Fig. 7c and d. When 

the Al particle size was 1 μm, the linear burning rate showed a 
decreasing-increasing-decreasing trend with an increase in the Al con
tent, reaching its minimum value when the Al content was 2.5 wt% 
(52.84 mm s− 1) and peaking when the Al content was 7.5 wt% (71.87 
mm s− 1). When the Al particle size was 50 nm, the linear burning rate 
increased first and then decreased with an increase in Al content, 
peaking when the Al content was 5 wt% (68.1 mm s− 1). Owing to the 
large specific surface area of nano-Al powder and the strong reaction 
with oxidant, the burning rate vs. Al content curve of energetic sticks 
containing 50 nm Al powder lacked troughs. However, the energetic 

sticks containing nano-Al did not show more advantages in linear 
burning rate than those with micro-Al. This may be caused by the 
agglomeration of nano-Al powder or may be related to the reaction path 
of Al powder with different particle sizes: 1 μm Al powder also has the 
characteristics of the melt dispersion mechanism but has higher effective 
Al content than nano-Al powder. 

The addition of Al powder significantly affected the pressure output. 
As shown by the pressure release test results of different composites 
(Fig. 7e–h), the pressure and pressurization rate decreased first and then 
increased with an increase in the Al content (for both 50 nm Al powder 
and 1 μm Al powder). Both composites containing 1 μm Al powder and 
those with 50 nm Al powder showed peak pressure release and 

Fig. 8. Schematic diagram of the architecture with different spacing (a). Burning snapshots of B/KNO3/PVDF (b) and Al/B/KNO3/PVDF (c) architectures with 
different spacing. The flame distance vs. time curves of B/KNO3/PVDF (d) and Al/B/KNO3/PVDF (e) architectures with different spacing. Linear burning rates of B/ 
KNO3/PVDF (f) and Al/B/KNO3/PVDF (g) architectures with different spacing. 
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pressurization rate when the Al content was 10 wt %, with the former 
exhibiting higher values (5.27 MPa, 419.67 MPa s− 1) than the latter 
(4.63 MPa, 413.68 MPa s− 1). This was also related to the reaction path of 
Al powders with different particle sizes. 

3.6. Flame propagation behavior of architectures 

Generally, flames linearly propagated along the energetic sticks. 
However, they would jump to the adjacent energetic sticks when the 
energetic sticks were arranged close, resulting in unconventional rapid 
combustion (Fig. S9). This jump propagation behavior is extremely 
dangerous for the storage and use of energetic materials. However, this 
rapid combustion phenomenon can also be used to regulate the reac
tivity of energetic arrays,16,71,72 which is critical to the study of the 
energy-release effect of micro-energetic devices. The architectures of 
energetic sticks with different spacings were prepared using 
B/KNO3/PVDF energetic inks and Al/B/KNO3/PVDF energetic inks 
containing 1 μm Al powder (10 wt%), as shown in Fig. 8a. A 
Joule-heated Ni–Cr wire was employed to ignite long energetic sticks 
(40 mm), and a high-speed camera was utilized to record the flame jump 
phenomenon and the flame propagation behavior between adjacent 
energetic sticks. 

Fig. 8b shows the flame propagation process of B/KNO3/PVDF en
ergetic architectures. When the spacing between energetic sticks was 
below 10 mm, all flames jumped and ignited the adjacent sticks. They 
showed two successively propagating flame fronts when the spacing was 
wider than 7.5 mm, while two flame fronts merged into a larger flame 
front when the spacing was less than 5 mm. Fig. 8c shows the flame 
propagation process of the Al/B/KNO3/PVDF energetic architectures 
with 1 μm Al powder. All flames jumped and showed larger flame fronts 
because the energetic sticks containing 10 wt% 1 μm Al powder could 
release more heat and spray more burning particles during combustion. 
The flame distance vs. time curves were plotted based on the propaga
tion tracing of flames (Fig. 8d and e). The curves can be divided into two 
parts: a single-stick combustion zone and an energy coupling zone. The 
pink square areas represent the propagation trace of flames from single 
energetic sticks (10 mm stage), with all lines displaying excellent con
sistency. During the combustion, each energetic stick was surrounded by 
an energy region composed of heat, gas pressure, and particle advection 
(Fig. S10 a). When this energy region was close to other energetic sticks 
and the energy exceeded the ignition thresholds of these sticks, the flame 
jump phenomenon would occur. Moreover, the capacity to jump was 
closely related to the distance between the energetic sticks (Fig. S10 b–e) 
since the energy in this energy region decayed with an increase in the 
diffusion distance. The lines outside the pink square area represent the 
flame distance vs. time curves after the occurrence of the flame jump. 
When the spacings of the energetic architectures were less than 5 mm 
(B/KNO3/PVDF) and 7.5 mm (Al/B/KNO3/PVDF), the slopes of the lines 
changed. The linear burning rates were obtained through linear fitting of 
lines in this region, as shown in Fig. 8f and g. Rapid combustion occurred 
in B/KNO3/PVDF energetic architectures when the spacing was less than 
5 mm, accompanied by an increase in the linear burning rate of the 
architectures. For Al/B/KNO3/PVDF energetic architectures containing 
1 μm Al powder, this phenomenon occurred when the spacing was less 
than 7.5 mm since the added 1 μm Al powder with a content of 10 wt% 
enhanced the reaction thermodynamic level of the energetic sticks, 
thereby improving the chemical reaction kinetics of the architectures. 

4. Conclusion 

This study presents the design and preparation of Al/B/KNO3/PVDF 
energetic sticks with different Al particle sizes and different Al contents 
using the DIW technology. As indicated by the combustion and 

oxidation characteristics of fuels, the addition of Al powder can improve 
the combustion efficiency of B/Al composite fuels and reduce the 
agglomeration of the combustion products. The slow heating reaction 
process of the Al/B/KNO3/PVDF energetic composites shows that the 
addition of nano-Al powder can greatly promote the first reaction stage 
of the reactant and that the addition of micro-Al can primarily promote 
the second reaction stage of the reactant. The addition of Al powder with 
content less than 2.5 wt% cannot greatly improve the reactivity of the 
Al/B/KNO3/PVDF composite. In contrast, the addition of a certain 
amount of Al powder can increase the linear burning rates of the ener
getic sticks, thereby improving the reaction kinetics of the sticks. The 
burning rates of the energetic sticks show a decreasing-increasing- 
decreasing trend with an increase in the 1 μm Al content, while the 
burning rate vs. Al content curve of energetic sticks containing nano-Al 
powder lacks troughs. However, the composites with 1 μm Al powder 
show a higher burning rate than that with nano-Al powder. Similarly, 
the pressure output tests show that the composites with 1 μm Al powder 
show higher pressure release and a higher pressurization rate. This may 
be related to the reaction path of Al powders with different particle sizes. 
Most interestingly, the jump behavior of flames has been identified 
during combustion. When the distance between the sticks is below 10 
mm, the flames can jump to adjacent sticks. However, the energetic 
architectures with 10 wt % 1 μm Al powder display a higher reaction 
rate than the B/KNO3/PVDF energetic architecture since the addition of 
Al powder increases the thermal convection and particle advection be
tween energetic sticks. These findings can be used as a reference for 
modifying B/KNO3 energetic composites and regulating the reactivity of 
energetic sticks. 
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