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Abstract: Benzotrioxofurazan (BTF) -based composite explosives containing three 
different binder components were prepared in this study, using nitrocellulose (NC), 
thermoplastic polyurethane (Estane), and fluororubber 2602 (F2602) as binders, 
through the electrostatic spray method. The objective was to reduce the sensitivity 
of BTF. The BTF-based composite explosives were characterised using a range 
of scientific equipment, including scanning electron microscopy (SEM), Fourier 
Transform infrared spectroscopy (FT-IR), DSC thermal analysis, and mechanical 
sensitivity. The SEM results indicated that the BTF-based composite explosives’ 
particle size was between 50 and 100 nm, and had a spherical shape. Compared with 
the raw BTF, the critical temperature of thermal explosion of the three composite 
explosives, BTF/NC, BTF/Estane and BTF/F2602, was increased by 4.21, 6.8 and 
9.44 °C, respectively. These increases indicate an improvement in the thermal 
stability of the samples. The characteristic drop height of BTF/NC, BTF/Estane and 
BTF/F2602 was 68.12, 62.34 and >80 cm, respectively. Additionally, the explosion 
percentage of BTF/NC, BTF/Estane and BTF/F2602 had been decreased to 24%, 
24%, and 8%, respectively. These results suggest a significant enhancement in the 
safety performance of all three samples.
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1	 Introduction 

As a zero oxygen non-hydrogen explosive, benzotrifuroxan (BTF, C6N6O6, 
see Figure 1) has better initiation performance [1], output energy, mechanical 
sensitivity, and thermal stability than pentaerythritol tetranitrate (PETN, 
C5H8N4O12). Additionally, the detonation energy of BTF is equivalent to that of 
HMX, and the shock initiation sensitivity and misfire diameter are equivalent 
to those of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX, C4H8N8O8). The BTF 
explosive has been effectively used in detonation cord charges and in the 
enhancement of the charge characteristics of composition B [2-4]. However, the 
BTF explosive exhibits sensitivity to mechanical impact, which makes it difficult 
to meet the requirements for good safety performance in modern weapon systems.

Figure 1.	 Structure of BTF

Consequently, numerous attempts have been undertaken to decrease its 
sensitivity and to achieve all the required aspects [5, 6]. These efforts mainly 
include modification of the crystal structure, refining crystal defects through 
recrystallization, and fabricating energetic composite materials by incorporating 
additives such as fluororubber and graphite. The production of energetic 
materials has demonstrated encouraging outcomes among other strategies. 
Hitherto, researchers from domestic and foreign organisations have proposed 
an array of successful techniques for manufacturing composite materials. This 
includes approaches such as the solvent-nonsolvent recrystallization method, 
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the microemulsion method, the aqueous suspension, the spray-drying method 
and the electrostatic spraying method. 

Wang et al. [7] manufactured Al/Bi2O3-HNIW composite explosives using 
the solvent-nonsolvent technique, which demonstrated outstanding levels 
of safety and detonation performance, raising the possibility of using it as 
a replacement for the primary explosive in a detonator. Zhu et al. [8] fabricated 
CL-20/PNCB composite explosives with lowered impact sensitivity utilizing the 
microemulsion method. The characteristic drop height (5 kg drop weight) for raw 
CL-20 and CL-20/PNCB was 13 and 63 cm, respectively. Wang et al. [9] prepared 
CL-20/thermoplastic polyurethane elastomer rubber (Estane), i.e. CL-20/Estane, 
composite explosive using the water suspension technique. The characteristic 
height of CL-20/Estane composite particles increased from 34.8 to 39.8 cm on 
adding calcium stearate, and the thermal stability was improved to a certain 
extent. Wei et al. [10] prepared a HMX/copolymer of vinylidene fluoride and 
hexafluoropropylene (F2602), i.e.  HMX/F2602, core-shell composite explosive 
using the spray-drying method. Compared to HMX/F2602 composite microspheres 
produced by the physical composite method, the impact characteristic drop 
height of HMX/F2602 core-shell composite microspheres was increased from 
31.23 to 41.37 cm, respectively. Additionally, there was a significant decrease 
in the impact sensitivity. 

In recent years, electrostatic spraying technology [11] has been regarded 
as having an enormous potential approach for producing composite explosives, 
due to its ability to rapidly prototype and easily control the sample’s morphology 
and dimensions, as well as its low laboratory equipment requirements. With 
regard to explosives formulation, the binder plays a crucial role in the system. 
Although the binder makes up only a small proportion of the system, it has 
a significant impact on the safety performance of the explosive  [12-14]. 
The addition of a binder has the potential to enhance the composition effect 
between various components, as well as to improve the mechanical properties 
and rheological properties of the charge, which in turn facilitates forming and 
processing [15, 16]. Simultaneously, the use of binders can significantly decrease 
the sensitivity of composite explosives. Therefore, a study of the effects of 
binders on the performance of BTF explosives is of great application value 
and practical importance. Based on these, BTF-based composite explosives 
were prepared by electrospray technology using BTF explosive as the main 
explosive, acetone as the solvent, and nitrocellulose (NC), Estane, and F2602 as 
the binding agents, respectively. The samples were then evaluated in terms of 
their morphology, structure, thermal decomposition and impact sensitivity. The 
prepared BTF-based composite explosives displayed considerable insensitivity 
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towards impact and thermal effects. This work potentially provides an alternative 
method for reducing the vulnerability and enhancing the transportation safety of 
BTF explosive. Therefore, BTF-based explosives present promising potential 
for their application in detonator charges.

2	 Materials

BTF was prepared in the lab with a purity of 98%. Acetone was purchased 
from Chengdu Cologne Chemical Co., Ltd. Estane was supplied by Lubrizol 
Corporation; NC was provided by Luzhou North Chemical Industry Co., Ltd. 
F2602 was purchased from Huizhou Haoyuan Plastic Co., Ltd.

3	 Preparation of BTF-based Composite Explosives

BTF-based composite explosives were prepared by electrostatic spraying 
technology. The experimental process is as shown in Figure 2. Firstly, raw BTF 
(0.5 g) was dissolved in acetone (5 mL) to give a solution with a concentration 
of 0.1 g·mL‒1. Secondly, the binder (Estane, NC or F2602) was dissolved in this 
solution. The mass ratio of binder to raw BTF explosive was 2:98. The transparent 
precursor solution was acquired by leaving the solution to settle and filtering it. 
Subsequently, the transparent precursor solution was transferred into a syringe 
and fed through a syringe pump at a rate of 0.05 mL·min‒1. The negative 
pressure recorded was ‒10.00 kV, and the positive pressure was +10.17 kV, 
as process conditions.

Figure 2.	 Schematic illustration of the preparation of BTF-based composite 
explosives by electrostatic spray
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4	 Test Methods

The morphology of the samples was analyzed with a Hitachi SU-8020 scanning 
electron microscope (SEM, Hitachi, Japan); the accelerating voltage was 10.0 kV. 
A Fourier transform infrared spectrometer (FT-IR, Bruck Optical Instruments 
Ltd) was used to further characterize the composition of the samples. The thermal 
decomposition properties of all samples were tested by thermogravimetry-
differential scanning calorimetry (TG-DSC, Netsch GMBH, Germany); all 
samples were placed in Al2O3 crucibles, weight 0.7 ±0.1 mg, and heated at 5, 10, 
and 20 K·min‒1 from 30 to 500 ℃ in a high-purity nitrogen purge with a flow rate 
of 60 mL·min‒1. The impact sensitivity and friction sensitivity of the samples were 
tested by Wl-1 type drop hammer (Xi ‘an Modern Chemical Research Institute).

5	 Results and Discussion
 

5.1	 Morphological analysis
Typical SEM images of both raw BTF and the samples prepared by electrostatic 
spraying are shown in Figure 3. Figure 3(a) shows the SEM image of raw BTF, 
and exhibits an “ice cream” like structure with a rough and angular surface 
and a particle size between 5 and 10 μm. Figure 3(b) is the BTF/NC composite 
explosive, revealing that the surface of these spherical particles has become 
smoother, with an average particle size of about 500-900 nm. Figure 3(c) is 
the BTF/Estane composite explosive. The particles are either spherical or 
have a three-dimensional block structure, with a smooth surface and a narrow 
particle size distribution of approximately 50 nm. Figure 3(d) is the BTF/F2602 
composite explosive, where the particles possess a spherical shape and densely 
coated particles are formed on their surface. The particle size is predominantly 
concentrated around 50 nm. Furthermore, the variegated morphology of the 
BTF-based composite explosives suggested dissimilar bonding states, which 
resulted from the incongruity of the viscosity of the solvent during the dissolution 
of the binder.
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(a)                                                           (b)

 
(c)                                                           (d)

Figure 3	 SEM images of the composite explosive samples: BTF (a), BTF/NC (b), 
BTF/Estane (c), and BTF/F2602 (d)

5.2	 Structure and composition analysis
Elemental mapping, FT-IR was conducted to confirm the compositions. The 
infrared spectral curves of raw BTF, BTF/NC, BTF/Estane and BTF/F2602 are 
shown in Figure 4.

As can be seen from Figure 4, raw BTF exhibits the characteristic absorption 
bands of C=N at 1654 cm‒1, the deformation vibrations of ‒NO2 at 1567 and 
1418 cm‒1 and two other characteristic absorption peaks at 962 and 649 cm‒1, 
respectively. Estane exhibits a strong absorption peak at 1737 cm‒1,  and F2602 
exhibits a characteristic absorption peak at 1159 cm‒1. There are three strong 
peaks for NC at 1650, 1280 and 840 cm‒1 that are assigned to the inplane bending 
vibration of ‒ONO2 groups (1650 and 1280 cm‒1) and the stretching vibration of 
C‒O‒NO2 groups (840 cm‒1), respectively. By comparing the spectra of BTF/NC, 
BTF/Estane and BTF/F2602, it may be observed that the BTF/Estane composite 
explosive exhibits the same characteristic absorption peak at 1737 cm‒1 as raw 
Estane. The BTF/F2602 composite explosive showed a strong absorption peak at 
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1159 cm‒1, the same as raw F2602. The absorption peaks of the BTF/NC composite 
explosive at 1654, 1418, 962 and 649 cm‒1 correspond to those of raw BTF at 
1650, 1418, 962 and 649 cm‒1. The absorption peaks of the BTF/NC composite 
explosive at 1281 and 840 cm‒1 correspond to those raw NC at 1280 and 840 cm‒1. 
This shows that the three binders were successfully coated onto raw BTF during 
the electrostatic spray compounding process. Furthermore, no new diffraction 
peaks (or functional groups) were observed following compounding BTF with 
Estane, F2602 and NC, respectively. These observations indicate the absence of 
any chemical reactions between the three binders and BTF explosive, and that 
no new matter was produced as a result of the mixture.

5.3	 Thermal decomposition
A simultaneous thermal analyzer was used to examine the thermal decomposition 
characteristics of raw BTF and the composite explosive samples at heating rates 
of 5, 10 and 20 °C·min‒1 in the temperature range of 100-400 °C, as shown in 
Figure 5. When the heating rate was 10 °C·min‒1, two temperature peaks (an 
endothermic peak at 180-200 ℃ and an exothermic peak at 260-280 ℃) were 
evident in raw BTF and the composite explosive samples. The samples absorbed 
heat and melted between the temperature of 180-200 ℃, transforming from solid 
to liquid. They underwent complete decomposition as the temperature climbed 
to 260-280 ℃. Furthermore, an analysis of the DSC curves at heating rates of 
5, 10 and 20 °C·min‒1, revealed an increase in the peak temperature of thermal 
decomposition (Tp) with increasing heating rate, accompanied by a broadening 
of the peak. On the other hand, there was hardly any change in the temperature 
of the melting peak. This suggests that the exothermic peak’s shift to high 
temperature may be attributed to the increase in thermal effect per unit time and 
temperature difference.

 
(a)
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(b)

 
(c)

 
(d)

Figure 5.	 DSC curves and Kissinger plots for raw BTF (a), BTF/NC (b), 
BTF/Estane (c) and BTF/F2602 (d)
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The thermal decomposition kinetics of raw BTF and of the composite 
explosive samples were calculated by the Kissinger formula (Equation 1), where 
Ea is the apparent activation energy, β is the heating rate, R is the gas constant and 
Tp is the peak temperature (Equation 2) and A is the frequency factor (Equation 3).
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𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�𝛽𝛽𝛽𝛽/𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝2�  was plotted 
against 1/Tp (see Figure 5). Based on the slope and intercept, the Ea and the 
A data for the thermal decomposition are shown in Table 1. 

Table 1.	 Thermal decomposition kinetic parameters and thermal safety 
parameters of the samples

Sample Ea [kJ·mol‒1] A [s‒1] Tpo [°C] Tb [°C]
BTF 183.40 2.1 · 1017 251.90 265.03
BTF/NC 154.34 4.0 · 1014 253.20 269.24
BTF/Estane 99.3 1.7 · 109 254.00 271.83
BTF/F2602 100.6 6.5 · 109 256.60 274.47

It can be clearly seen in Table 1 that Ea values of BTF/NC, BTF/Estane 
and BTF/F2602, when compared with that of raw BTF, had decreased by 29.06, 
84.1 and 82.8 kJ·mol‒1, respectively. This is because the activation energy level 
is related to the heat transfer rate of particles: the higher the heating rate is, the 
more the activation energy decreases. However, when the particle size of a BTF 
composite sample reached the nanometer level, the specific surface area had 
increased, resulting in an increase in the heat transfer rate and a decrease in the 
activation energy. It can be seen that the activation energy of the BTF/Estane 
sample had decreased the most, indicating that the heat transfer rate of the 
BTF/Estane sample is faster than that for the BTF/NC and BTF/F2602 samples. The 
critical temperature for thermal explosion (Tb) is a vital parameter in evaluating 
the safety of the materials and in ascertaining the transformation from thermal 
decomposition to thermal explosion.
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Concurrently, the self-accelerating decomposition temperature (SADT) 
represents the maximum allowable ambient temperature for practical application. 
In order to calculate SADT, a polynomial regression method (Equation 2) was 
used. For b = 0, the initial decomposition temperature Tp0 was obtained with 
greater precision, leading to SADT = Tp0. The critical temperature of thermal 
explosion (Tb) was obtained by substituting Tp0 in Equation 4.

R
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T paaa
b

2

4
0

2 ��
� � (4)

Compared to raw material BTF (SADT  =  251.90 °C, Tb = 265.03 °C), 
the thermal explosion critical temperature and self-accelerated decomposition 
temperature of BTF/NC had increased by 1.3 and 4.21 °C, respectively. The 
corresponding data for BTF/Estane exhibited an increase of 2.1 and 6.8 °C, 
respectively, while for BTF/F2602 the figures were 4.7 and 9.44 °C, respectively. 
These results indicate that the electrostatic spraying process improved the 
thermal safety and stability of the samples, with BTF/F2602 displaying the most 
significant enhancement.

The TG-DTG curves in Figure 6 illustrate the thermal decomposition of 
raw BTF and its composite explosives BTF/Estane, BTF/F2602 and BTF/NC 
at a heating rate of 10 °C·min‒1. As shown, raw BTF undergoes mass loss 
beginning at 186.3 ℃, with a 97.33% mass loss total. The composite explosives, 
BTF/Estane, BTF/F2602 and BTF/NC, exhibited lower mass losses of 89.04%, 
91.49% and 89.41%, respectively. Compared to raw BTF, all three samples 
displayed varying degrees of mass loss reduction. This is due to the fact that 
the binder itself did not decompose during thermal decomposition, and a small 
part of the BTF did not decompose due to the uniform coating of the binder on 
the surface of the BTF particles, which indicates that the three binders were all 
well bonded to the raw BTF.



380 W. Ji, Y. Xu, L. Liu, C. Guo, X. Wei, D. Wang

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

Figure 6.	 TG-DTG curves of the various samples

The thermal decomposition of explosives involves the activation and 
breaking of molecular bonds. As heat is applied to the explosive molecules, their 
molecular thermal movement is gradually enhanced, causing the molecular bonds 
to stretch. When the bonds are stretched to a certain extent, the weakest molecular 
bond break, resulting in energy changes. This process can be described by the 
enthalpy of activation (ΔH), Gibbs free energy of activation (ΔG) and entropy 
of activation (ΔS). The calculation equations are shown in Equations 3, 5 and 6.

ΔH = Ea ‒ R·Tp� (5)

ΔG = ΔH ‒ ΔS·Tp� (6)

Using the computed data, the results of these calculations (ΔH, ΔG, ΔS) 
are listed in Table 2. The results show that for raw BTF and the three composite 
explosive samples, the activation free energy ΔG is positive, indicating that the 
transition from the normal state to the transition state requires energy absorption 
rather than proceeding spontaneously. This implies that they can remain stable in 
the normal state. As evidenced by the calculated ΔS, the ΔS of the three samples 
is notably lower than that of raw BTF, indicating that the encapsulated BTF is 
less susceptible to decompose into gas during thermal decomposition.
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Table 2.	 Thermal decomposition kinetic parameters and thermal safety 
parameters of the samples

Sample ΔH [kJ·mol‒1] ΔS [J·mol‒1] ΔG [kJ·mol‒1]
BTF 179.03 81.99 135.98
BTF/NC 149.69 21.66 138.29
BTF/Estane 94.92 ‒80.31 137.10
BTF/F2602 96.20 ‒69.12 132.82

5.4	 Compatibility
Compatibility is closely related to the safety and reliability of explosives. The 
compatibility of BTF based composite explosives was evaluated by determining 
the maximum peak temperature difference ∆Tp from the DSC curves, according 
to the criteria in Table 3. This can be calculated by the fitting results of the 
thermal analysis data. The evaluated corresponding compatibility values are 
summarized in Table 4. 

Table 3.	 Compatibility criteria for the exothermic peak ΔTp

ΔTp [℃] ΔEa/Ea [%] Content
≤2.0 ≤ 20 Good compatibility
≤2.0 > 20 Moderately compatibility
>2.0 ≤ 20 Moderately incompatible
>2.0 > 20 Incompatible

Table 4.	 Compatibility results of the BTF based composite explosives by DSC

Sample Ea 
[kJ·mol‒1]

Tpo 
[℃]

ΔTp 
(compared with 

raw BTF) 
[℃]

ΔEa/Ea 
(compared with 

raw BTF) 
[%]

BTF 183.40 251.90 0 0
BTF/NC 154.34 253.20 1.3 15.8
BTF/Estane 99.30 254.00 2.1 45.8
BTF/F2602 100.60 256.60 4.7 45.1

As demonstrated in Table 4, the exothermic peak temperature (∆Tp) varies 
by only 1.3 ℃ (less than 2.0 ℃) between BTF and the mixture NC and BTF. 
Additionally, the ΔEa/Ea value is 15.8%. According to the compatibility evaluation 
criteria outlined in Table 3 for explosives and contact materials, NC and BTF have 
good compatibility. By contrast, there is a significant difference in the exothermic 
peak temperature (∆Tp) of BTF and BTF/Estane and BTF/F2602 (2.1 and 4.7 ℃, 
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respectively), and the ΔEa/Ea value of BTF/Estane and BTF/F2602 (45.8% and 
45.1%, respectively). Therefore, Estane and F2602 are incompatible with BTF.

5.5	 Mechanical sensitivity
Mechanical sensitivity is one of the key parameters for evaluating the safety 
performance of energetic materials. The most direct physical factors that 
explosives encounter are mechanical forces such as friction and impact. Hence, 
the mechanical sensitivity of the materials BTF, BTF/NC, BTF/Estane and 
BTF/F2602 were investigated. Impact sensitivity and friction sensitivity were 
tested and their results are listed in Table 5.

Table 5.	 Mechanical sensitivity of the tested samples
Sample Impact sensitivity (H50) [cm] Friction sensitivity [%]

Raw BTF 23.00 72
BTF/NC 68.12 24
BTF/Estane 62.34 24
BTF/F2602 >80 8

Table 5 demonstrates that the mechanical sensitivities of BTF/NC, 
BTF/Estane and BTF/F2602 are significantly lower than those of BTF. Notably, 
compared to raw BTF (H50 = 23.00 cm), the characteristic drop heights of BTF/NC, 
BTF/Estane and BTF/F2602 were 68.12, 62.34 and over 80 cm, respectively. The 
friction sensitivity values of BTF/NC, BTF/Estane and BTF/F2602 were 24%, 
24% and 8%, respectively, indicating a significant improvement in safety. 
Furthermore, BTF/F2602 had lower impact and friction sensitivities than BTF/NC 
and BTF/Estane, attributed to the formation of a cladding layer on the surface of 
the BTF particles by F2602 (refer to Figure 3). Factors affecting the mechanical 
sensitivity are as follows:
(i)	 The electrostatic spray drying process reduces the particle size of BTF/NC, 

BTF/Estane and BTF/F2602, all reaching the nanoscale, and the reduction in 
crystal size minimizes crystal defects, all of which help to avoid the formation 
of “hot spots”.

(ii)	 After compounding the binders NC, Estane and F2602 respectively with BTF, 
the binder acts as a “shock absorber”, consequently reducing the friction and 
external impact between the explosive particles, thus lowering the likelihood 
of “hot spot” formation.
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6	 Conclusions

♦	 The BTF/NC, BTF/Estane and BTF/F2602 samples, prepared by the 
electrostatic spray method, exhibited a regular shape and had a particle size 
ranging from 500 to 900 nm. The infrared analysis indicated that there was 
no chemical reaction between NC, Estand, F2602 and the BTF explosive, and 
were physical mixtures.

♦	 Although the production of BTF-based explosives using electrostatic 
spraying technology has numerous advantages in producing energetic 
materials, its yield is inadequate. Expanding production scale is the primary 
evaluation index in industrial production, and reduced yield significantly 
increases costs, so increasing the yield is a critical issue that needs to 
be resolved.

♦	 Compared with raw BTF, the critical temperature of thermal explosion of 
BTF/NC, BTF/Estane and BTF/F2602 explosives had increased by 4.21, 6.80 
and 9.44 ℃, respectively. The above data imply that the addition of binder 
can effectively enhance the thermal stability of BTF, with NC exhibiting 
the most significant effects.

♦	 Moreover, NC exhibits good compatibility with raw BTF, while Estane and 
F2602 are not compatible.

♦	 The introduction of a binder also results in reduced impact and friction 
sensitivities of BTF-based composite explosives, indicating enhanced safety. 
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