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Abstract: To reduce the high sensitivity of the molecular perovskite energetic
material DAP-4 and enhance its practical utility, this study employed TNT and
DNTF as melt-casting carriers to prepare DAP-4-based composite explosives. The
morphology, thermal decomposition behavior, sensitivity, and detonation velocity
of the composites were systematically investigated. Scanning electron microscopy
observations showed that DAP-4 crystals retained their structural integrity and
were uniformly coated by the carrier matrix. Differential scanning calorimetry
analysis revealed that TNT delayed the high-temperature decomposition peak by
up to 12.3 °C, whereas DNTF advanced it by up to 48.3 °C, indicating a catalytic
effect. As the carrier content increased, the impact sensitivities of DAP-4/TNT
and DAP-4/DNTF melt-cast explosives decreased from 100% to 16% and 40%,
respectively, and both friction and electrostatic spark sensitivities were significantly
reduced. Detonation velocity testing demonstrated that the DAP-4/TNT system
exhibited increased velocity with higher DAP-4 content, while the velocities of
DAP-4/DNTF systems are higher than that of the pure DAP-4, reaching a maximum
detonation velocity of 8303 m/s. This study confirms that the melt-casting process
can effectively balance energy output and safety, providing experimental support
for the engineering application of DAP-4.
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1 Introduction

In modern energetic materials, most practical explosives are multicomponent
mixtures rather than single compounds. Among these, melt-cast explosives
demonstrate superior comprehensive performance due to their molten-state
processing capabilities. These systems not only conform to loading requirements
for complex chamber geometries but also prove particularly valuable for military
applications. Currently, melt-cast explosives are deployed worldwide for military
purposes, constituting approximately 90% of military composite explosives by
volume [1]. They represent core components of modern ordnance systems [2, 3].
Melt-cast explosives form a significant category of energetic materials. These
systems are fabricated by uniformly dispersing solid-phase high explosives
within molten liquid-phase carrier explosives, which are subsequently cooled and
solidified to form multiphase composite energetic materials [4-6]. Among existing
formulations, systems employing 2,4,6-trinitrotoluene (TNT) as the carrier, blended
with high-energy-density compounds such as octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) and cyclotrimethylenetrinitramine (RDX), represent the most
common configurations. The classic Composition B explosive, comprising 40%
TNT and 60% RDX by mass, is prepared through high-temperature fusion [7-11].
This composition achieves an optimal balance between detonation performance
and processability. TNT exhibits a detonation velocity of 6970 m/s, detonation
heat of 4148 kl/kg, and a melting point of 80.9 °C. Its relatively low melting
point and moderate detonation performance establish TNT as an ideal carrier for
melt-cast explosives [12]. TNT offers significant economic advantages, including
readily available raw materials and low production costs. Thermodynamically, its
melting point (80.9 °C) is substantially lower than its thermal decomposition onset
temperature (~280 °C), ensuring both safety and feasibility during melt-casting
processes. Moreover, TNT exhibits remarkable chemical stability, is non-corrosive
behavior toward metallic and maintains compatibility when blended with various
high-energy explosives. These characteristics enable the formation of stable
composite systems with excellent long-term storage stability [13-16]. 3,4-Bis
(3-nitrofurazan-4-yl) furoxan (DNTF) is a novel high-energy-density compound
developed in recent years. Its molecular structure contains two rings-a furfuryl
oxide ring and two nitro groups (Figure 1 provides the molecular structure of
DNTF). DNTF exhibits outstanding comprehensive properties, including a crystal
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density of 1.937 g/cm?, detonation velocity of 9250 m/s, detonation heat of 6054
kJ/kg, and a melting point of 110 °C. These characteristics make DNTF a highly
promising material for a wide range of explosive applications [17]. The melting
point of DNTF indicates excellent process compatibility and high thermal stability
under prolonged heating conditions, with only minimal volatile losses, making it
a highly suitable carrier for melt-cast explosives [18]. Research shows that, due
to its unique molecular structure and favorable thermodynamic properties, DNTF
remains processable in the molten state during the preparation of cast explosives.
Moreover, when combined with other high-energy components, it significantly
enhances the energy output of the explosive mixture. This combination of
properties offers a promising technical pathway for developing high-energy-
density energetic materials [19]. Furthermore, DNTF synthesis is straightforward
and low-risk, while demonstrating excellent stability and safety [20-23]. As a new
generation of high-energy-density material, DNTF holds a prominent position in
the field of energetic compounds and serves as a key raw material for developing
high-performance explosives.
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Figure 1. Molecular structures of DNTF
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With ongoing advances in energetic materials research and technology,
numerous novel energetic materials have been developed. Among these,
molecular perovskite energetic materials have garnered significant research
interest due to their distinctive crystal structures and superior properties. These
materials demonstrate not only excellent detonation characteristics and high
thermal stability but also offer considerable cost advantages. This class of ternary
compounds employs low-cost organic fuels and oxidants components to form
highly symmetrical perovskite structures (ABX;) through close-packed stacking.
In the crystal lattice, the A site is occupied by protonated organic cations that serve
as fuels, including protonated triethylenediamine (H,dabco*") and protonated
piperazine (Hypz*"). The B site contains cations such as sodium (Na*), potassium
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(K¥), and ammonium (NH4"), while the X site is filled with strongly oxidizing
anions, such as perchlorate (ClO,) and nitrate (NOj). A typical example is
DAP-4 (chemical formula: (H,dabco)[NH4(CIO4);]), a molecular perovskite
energetic material with well-balanced properties that show great potential for
applications in the field of energetic materials [24, 25]. Theoretical properties
of DAP-4 include a crystal density of 1.87 g/cm?, a detonation heat of 5.87 kJ/g,
and a detonation pressure of 35.2 GPa, along with a measured detonation velocity
of 8.806 km/s [26]. Current research indicates that DAP-4 possesses remarkable
thermal stability [27-30], high output performance, low-cost raw materials, and
a straightforward synthesis process. These advantages highlight its significant
potential for energetic material applications and provide a valuable direction
for developing novel energetic compounds [31-33]. The crystal density and
theoretical detonation velocity of DAP-4 are comparable to those of RDX [26],
while its thermal stability is significantly higher. However, its high sensitivity
and low safety threshold considerably hinder its practical application [34, 35].

To address the high sensitivity of DAP-4, this study employed the
formulation design principles of Explosive B, utilizing TNT and DNTF as
castable carrier explosives. These were combined with the primary explosive,
DAP-4, through a melt-casting process to produce a novel composite explosive
exhibiting energy output and safety characteristics comparable to those of
Explosive B. A systematic evaluation was conducted on key properties of the
resulting composite, including morphology, thermal decomposition behavior,
sensitivity parameters, and detonation velocity. This work aims to explore the
application potential of DAP-4 in composite explosive systems and to provide
both a theoretical foundation and experimental support for developing hybrid
formulations with superior overall performance.

2 Experimental Section

2.1 Reagents and instruments
Reagents: TNT (Hubei Dongfang Chemical Co., Ltd.); DNTF (Gansu Yin’guang
Chemical Industry Group Co., Ltd.); DAP-4 (prepared in the laboratory).
Instruments: TESCAN MIRA LMS Field Emission Scanning Electron
Microscope (TESCAN Trading, Shanghai Co., Ltd.); Rigaku Miniflex 600
X-ray Diffractometer (Rigaku Corporation, Japan); DSC131 Differential
Scanning Calorimeter (Setram Company); Impact Sensitivity Tester (IDEA
SCIENCE Technology Corporation); Friction Sensitivity Tester IDEA SCIENCE
Technology Corporation); Electrostatic Spark Sensitivity Tester IDEA SCIENCE
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Technology Corporation); Detonation Velocity Tester (Hunan Xiangxi State Qibo
Mining Instrument Factory).

2.2 Sample preparation

Based on the formulation design principles of Composition B explosive,
DAP-4/TNT and DAP-4/DNTF melt-cast mixtures were prepared at mass ratios
of 100:0, 50:50, 30:70, 10:90, and 0:100.

Preparation of explosive charges: Figure 2 illustrates the flowchart for
sample preparation. Raw materials were weighed according to predetermined
formulation ratios. TNT and DNTF were separately melted in glass beakers using
an oven set to 100 and 150 °C, respectively. The molten liquids were then blended
with gradually added DAP-4 under continuous stirring until homogeneous
mixtures were formed. These mixtures were cast into preheated cylindrical
Cr12MoV tool-steel molds with cavity dimensions of 10 mm in diameter and
10 mm in height. After demolding, the charges were machined to the target height
and their bases were polished with abrasive paper. Final dimensions were verified
using vernier calipers prior to detonation velocity testing. Figure 3 displays the
DAP-4 explosives, Figure 4 shows the DAP-4/TNT melt-cast explosives, and
Figure 5 presents the DNTF and DAP-4/DNTF melt-cast explosives, respectively.
In order to eliminate the potential influence of the critical diameter on the
detonation velocity of TNT, TNT charge samples measuring 40 mm in diameter
and 32 mm in height were prepared, as shown in Figure 6.
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Figure 2. Schematic diagram of the sample preparation process

Figure 3. Photograph of DAP-4 charges
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Figure 4. Photograph of DAP-4/TNT melt-cast charges: DAP-4:TNT=10:90 (a),
DAP-4:TNT=30:70 (b) and DAP-4:TNT=50:50 (c)

Copyright © 2026 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



64 X. Zhang, L. Yan, B. Sun, Y. Duan, Y. Qiu, X. Shang, F. Wang, Y. Liu, L. Hu

(d)
Figure 5. Photograph of DNTF and DAP-4/DNTF melt-cast charges:
DNTF (a), DAP-4:DNTF=10:90 (b), DAP-4:DNTF=30:70 (c) and
DAP-4:DNTF=50:50 (d)

Figure 6. Photograph of TNT charges

Fabrication of powder samples: Procedures prior to mold casting
followed the same protocol as explosive charge preparation. Once mixture
homogeneity was achieved, the material was transferred to a sample tray and
allowed to cool to room temperature under ambient conditions. The solidified
sample was then pulverized using an agate mortar to produce, producing fine
powder for subsequent differential scanning calorimetry (DSC) and sensitivity
characterization of the melt-cast explosive.

The entire preparation procedure was carried out within an explosion-proof
fume hood, following strict safety protocols to ensure operational safety. The
total weight for a single batch of prepared samples does not exceed 10 g. For
the grinding procedure, the amount of material processed per batch is limited
to 50 mg or less.
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2.3 Performance evaluation

Scanning electron microscopy (SEM) images of DAP-4, TNT, and DNTF raw
materials, as well as prepared DAP-4/TNT and DAP-4/DNTF cast explosives,
obtained using an acceleration voltage of 5 keV.

The crystalline structures of DAP-4, TNT, DNTF, and the prepared
DAP-4/TNT and DAP-4/DNTF melt-cast explosives were analyzed using an
X-ray diffractometer under the following conditions: a scanning angle range of
10° to 80°, a copper target, and a scanning speed of 2 °/min.

Differential Scanning Calorimetry (DSC) was employed to investigate the
thermal decomposition properties of DAP-4, TNT, and DNTF raw materials,
as well as the prepared DAP-4/TNT and DAP-4/DNTF melt-cast explosives.
Sample weights were approximately 3 +0.1 mg. A sealed aluminum crucible was
used, with nitrogen as the protective gas at a flow rate of 50 mL/min. The heating
rates were set at 5, 10, 15 and 20 °C/min, respectively. The testing temperature
range was 30 to 600 °C.

Impact sensitivity of DAP-4, TNT, DNTF raw materials, and prepared
DAP-4/TNT and DAP-4/DNTF melt-cast explosives was evaluated according
to the GJB 772A-97 standard test methods for explosives. Testing parameters
included a 1 kg drop hammer mass, a 200 mm drop height, and a 20 mg charge
mass, with a total of 50 tests conducted in two sets of 25 trials each. Friction
sensitivity was evaluated according to NATO Standard STANAG 4487 and
MIL-STD-1751A: BAM Friction Test-Method 1024. Test parameters included
a5 +1 mm?® sample volume, with environmental conditions maintained at 20 +5 °C
and <80% relative humidity. Six tests were performed per experimental group.

Electrostatic spark sensitivity was evaluated according to Method 101 of
the Chinese Military Standard GJB/Z 337A-94 (Langley Method). Testing was
performed at 30 °C using an XSPARK-10 electrostatic sensitivity tester with
supporting apparatus, and actual spark energy data were acquired via Win-Spark
software. Each test series consisted of 30 shots.

The detonation velocities of the samples were measured in accordance
with GJB 772A-97 Explosives Test Methods. Cylindrical charges measuring
¢10%10 mm were used, with ignition initiated by 0.1 mm diameter enameled
copper wire probes. The test consisted of two experimental groups, each with
four replicate charges.
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3 Results and Discussion

3.1 SEM Microstructure Characterization

The microstructural analysis of explosive samples enables direct visualization of
changes in crystal surface morphology within composite materials. To achieve
this, SEM was employed to characterize the microstructure of DAP-4, TNT,
DNTF, and their composites DAP-4/TNT and DAP-4/DNTF at varying mass
ratios. These results are presented in Figure 7. As shown in Figure 7(a), DAP-4
crystals exhibit a regular cubic shape with sharp edges and smooth surfaces.
Figure 7(b) reveals that TNT displays an irregular block-like structure with
arelatively rough surface and prominent edges. Meanwhile, DNTF in Figure 7(c)
shows an irregular block-like structure with uneven surfaces and numerous edges.
Figures 7(d-f) show that in the DAP-4/TNT melt-casting system, DAP-4 crystals
retain their original discrete structure, while molten TNT disperses around these
crystals. As the TNT mass fraction increases, the encapsulation of DAP-4 crystals
by TNT becomes more extensive. Notably, the two components form intimate
interfacial contact, demonstrating good homogeneity within the blended system.
Figures 7(g-1) demonstrate that in the DAP-4/DNTF melt-casting system, DAP-4
crystals preserve their discrete structure. Molten DNTF is uniformly dispersed
among and around these crystals. With increasing DNTF content, a greater
proportion of DNTF accumulates and adheres to the DAP-4 crystal surfaces.
The images confirm tight interfacial bonding between the components, verifying
effective mixing and mixture homogeneity.

(b)
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(1)
Figure 7. SEM images of DAP-4, TNT, DNTF, and DAP-4/TNT and DAP-4/
DNTF melt-cast explosives with different mass ratios: DAP-4 (a),
TNT (b), DNTF (c), DAP-4:TNT=50:50 (d), DAP-4:TNT=30:70 (e),
DAP-4:TNT=10:90 (f), DAP-4:DNTF=50:50 (g),
DAP-4:DNTF=30:70 (h) and DAP-4:DNTF=10:90 (i)

3.2 XRD characterization

The crystalline structures of DAP-4, TNT, DNTF, and the prepared DAP-4/TNT
and DAP-4/DNTF melt-cast explosives with varying ratios were characterized by
X-ray diffraction (XRD). The resulting XRD patterns are presented in Figure 8.
As shown in Figure 8(a), DAP-4/TNT melt-cast explosives with different ratios
display a consistent set of diffraction peaks, notably at 26 values of 12.24°, 12.62°,
17.76°,21.21°,22.97°,24.55°,27.48°,29.27°,33.51°,36.60°, and 37.15°. This
set of peaks corresponds to a simple superposition of the characteristic peaks
from the individual DAP-4 and TNT crystals, with only the relative intensities
varying across the different melt-cast explosive systems. A similar phenomenon
is observed for the DAP-4/DNTF melt-cast explosive system in Figure 8(b),
where peaks appear at 20 = 11.75°, 12.24°, 16.58°, 21.13°, 21.21°, 23.52°,
24.55°,27.48°,28.21°,33.44°,36.60°, and 37.15°. Again, the pattern essentially
represents a superposition of the monomer peaks, with relative intensities varying
as a function of the compositional ratio in these melt-cast explosive systems. The
experimental XRD pattern of as-prepared DAP-4 shows peaks at 12.24°,21.21°,
24.55°, 27.48°, 36.60°, and 37.15°. These peak positions match the simulated
pattern from the single-crystal structure (CCDC: 152810), corresponding to the
(200), (222), (400), (420), (531), and (600) crystal planes, respectively. This
agreement confirms that the synthesized sample is phase-pure DAP-4. Further
analysis indicates that the crystal structure of DAP-4 remains unaltered by
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TNT or DNTF during the melting process, suggesting that the fusion is a purely
physical mixture without chemical reaction. This effectively preserves the
intrinsic properties of DAP-4. The observed differences in relative diffraction
peak intensities between the two cast explosives can be attributed to the adherence
of TNT or DNTF crystalline particles onto the surfaces of DAP-4 crystals. This
surface coverage likely obscures the diffraction signals from specific crystal
planes of DAP-4, thereby reducing the intensities of the corresponding peaks.
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Figure 8. XRD patterns of DAP-4, TNT, DNTF, and their melt-cast explosives
with varying DAP-4/TNT (a) and DAP-4/DNTF (b) ratios
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3.3 DSC characterization

To assess the thermal stability of cast explosives, differential scanning calorimetry
(DSC) was employed to characterize their thermal decomposition behavior.
Figures 9 and 10 present the DSC curves measured at different heating rates for
the DAP-4/TNT and DAP-4/DNTF systems, respectively. Specifically, Figure
9 includes the curves for DAP-4, TNT, and their melt-cast explosives, while
Figure 10 shows the curves for DAP-4, DNTF, and their melt-cast explosives,
each with varying mass ratios. The corresponding decomposition temperatures
are summarized in Tables 1-5.
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Figure 9. DSC curves of DAP-4, TNT and DAP-4/TNT melt-cast explosive
samples with different mass ratios under different heating rates:
5 (a), 10 (b), 15 (c) and 20 °C/min (d)
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Figure 10.
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DSC curves of DAP-4, DNTF and DAP-4/DNTF melt-cast explosive
samples with different mass ratios under different heating rates: 5 (a),
10 (b), 15 (¢) and 20 °C/min (d)

Table 1.  Decomposition temperatures of pure DAP-4, TNT and DNTF at
varying heating rates
Decomposition peak temperature [°C] at varying heating
Sample rates (in °C/min)
5 10 15 20
DAP-4 376.9 384.2 392.4 398.1
TNT 282.0 307.6 312.4 314.2
DNTF 271.1 282.8 285.5 291.6
Table 2.  Low-temperature decomposition peak temperatures of DAP-4/TNT

melt-cast explosives with varying mass ratios at multiple heating
rates
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Low-temperature decomposition peak temperature [°C]
DAP-4:TNT at varying heating rates (in °C/min)
5 10 15 20
50:50 301.9 308.5 319.6 329.1
30:70 302.2 317.1 326.5 332.8
10:90 307.1 317.8 327.5 339.7
Table 3.  High-temperature decomposition peak temperatures of DAP-4/TNT
melt-cast explosives with varying mass ratios at multiple heating
rates
High-temperature decomposition peak temperature [°C]
DAP-4:TNT at varying heating rates (in °C/min)
5 10 15 20
50:50 380.2 392.4 401.2 408.5
30:70 381.4 393.2 402.8 409.2
10:90 382.9 396.4 403.1 410.4
Table 4.  Low-temperature decomposition peak temperatures of DAP-4/DNTF
melt-cast explosives with varying mass ratios at multiple heating
rates
Low-temperature decomposition peak temperature [°C]
DAP-4:DNTF at varying heating rates (in °C/min)
5 10 15 20
50:50 249.8 258.9 265.8 269.9
30:70 254.8 265.1 267.2 276.9
10:90 267.5 275.9 277.4 291.4

Table 5.  High-temperature decomposition peak temperatures of DAP-4/
DNTF melt-cast explosives with varying mass ratios at multiple

heating rates

High-temperature decomposition peak temperature [°C]
DAP-4:DNTF at varying heating rates (in °C/min)
5 10 15 20
50:50 328.6 371.9 377.7 387.6
30:70 362.1 375.4 378.0 395.1
10:90 350.4 363.5 368.8 392.9
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3.3.1 DSC characterization of DAP-4/TNT melt-cast explosives
Analysis of the thermal decomposition behavior of pure DAP-4 and TNT, supported
by data in Figure 9(a-d) and Table 1, reveals that DAP-4 displays an endothermic
peak with a temperature that remains constant at 273.4 °C, independent of the
heating rate. This corresponds to a reversible phase transition, as confirmed in
prior studies [34]. At heating rates of 5 and 20 °C/min, decomposition peak
temperatures are observed at 376.9 and 398.1 °C, respectively, demonstrating
high thermal stability. TNT melts at 80.1 °C, accompanied by an endothermic
peak. When heated at 5 °C/min, its exothermic decomposition occurs at 282.0 °C.
Increasing the heating rate to 20 °C/min raises the decomposition temperature
to 314.2 °C, consistent with kinetic relaxation principles.

Analysis of the thermal decomposition behavior of DAP-4/TNT cast
explosives, as shown in Figure 9(a-d), reveals a biphasic decomposition process
corresponding to the characteristic decomposition peak temperatures of TNT and
DAP-4. The lower-temperature phase, associated with TNT decomposition, is
summarized in Table 2, while the higher-temperature phase, related to DAP-4
decomposition, is provided in Table 3. The first endothermic peak at 80.1 °C
corresponds to the melting of TNT, consistent with the endothermic behavior
of pure TNT. The second endothermic peak at 273.4 °C corresponds to the
phase transition of DAP-4. At a heating rate of 5 °C/min, the high-temperature
decomposition peaks for DAP-4: TNT mixtures with ratios of 50:50, 30:70, and
10:90 occur at 380.2, 381.4 and 382.9 °C, respectively. Compared to pure DAP-4,
all samples exhibit a delay in decomposition temperature ranging from 3.3 to
6.0 °C at this heating rate. At a heating rate of 10 °C/min, the high-temperature
decomposition peaks for the same mixtures occur at 392.4, 393.2 and 396.4 °C,
respectively, showing a delay of 8.2 to 12.2 °C relative to pure DAP-4. At a heating
rate of 15 °C/min, the peaks occur at 401.2, 402.8 and 403.1 °C, respectively,
with a delay ranging from 8.8 to 10.7 °C compared to pure DAP-4. At a heating
rate of 20 °C/min, the peaks occur at 408.5, 409.2 and 410.4 °C, respectively,
exhibiting a delay of 10.4 to 12.3 °C relative to pure DAP-4. Under constant
heating rates, the high-temperature decomposition peaks of DAP-4/TNT melt-
cast mixtures systematically shift to higher temperatures with increasing TNT
content compared to pure DAP-4. At all tested heating rates, the decomposition
peak temperatures of the composite mixtures are significantly delayed relative to
pure DAP-4. This demonstrates that incorporating TNT substantially enhances
the thermal stability of the DAP-4/TNT melt-cast system.
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3.3.2 DSC characterization of DAP-4/DNTF melt-cast explosives
Analysis of the thermal decomposition behavior of pure DAP-4 and DNTF,
supported by data in Figure 10(a-d) and Table 1, reveals that the thermal
decomposition behavior of DAP-4 is consistent with the analysis presented
in section 3.3.1. DNTF melts at 109.4 °C, also with an endothermic peak. At
a heating rate of 5 °C/min, decomposition occurs at 271.1 °C. When the heating
rate increases to 20 °C/min, the peak temperature rises to 291.6 °C, indicating
comparatively low sensitivity to heating rate variations.

As shown in Figure 10(a-d), the two-stage decomposition behavior of
DAP-4/DNTF cast explosives is quantified in Tables 4 and 5. Specifically,
Table 4 lists the peak temperatures for the low-temperature stage, and Table
5 provides those for the high-temperature stage. This behavior corresponds to
the distinct decomposition peak temperatures of DNTF and DAP-4. The initial
endothermic peak occurs at 109.4 °C, corresponding to the melting transition
observed in pure DNTF. A subsequent endothermic peak appears at 273.4 °C,
consistent with the phase transition temperature of DAP-4. At a heating rate of
5 °C/min, the high-temperature decomposition peaks for DAP-4:DNTF mixtures
with ratios of 50:50, 30:70, and 10:90 occur at 328.6, 362.1 and 350.4 °C,
respectively. Compared to pure DAP-4, all mixtures exhibit decomposition
temperatures that occur 15.7 to 48.3 °C earlier at this heating rate. At a heating
rate of 10 °C/min, the corresponding peaks occur at 371.9, 375.4 and 363.5 °C,
respectively, representing 8.8 to 20.7 °C earlier decomposition than pure DAP-4.
At a heating rate of 15 °C/min, the peaks occur at 377.7, 378.0 and 368.8 °C,
respectively, which is 14.4 to 23.6 °C earlier than pure DAP-4. At a heating rate
of 20 °C/min, the peaks occur at 387.6, 395.1 and 392.9 °C, respectively, showing
a3.0to 10.5 °C earlier decomposition compared to pure DAP-4. Under constant
heating rates, the high-temperature decomposition peaks of DAP-4/DNTF melt-
cast mixtures systematically shift to lower temperatures with increasing DNTF
content, thereby advancing the decomposition process. The high-temperature
decomposition peak temperatures of all composite systems are significantly lower
than those of pure DAP-4 under the same heating conditions. This systematic
advancement indicates that the decomposition products of DNTF have a catalytic
effect on the pyrolysis process of DAP-4.

3.4 Assessment of sensitivity and explosive performance

The results of impact sensitivity, friction sensitivity, and electrostatic spark
sensitivity tests for DAP-4, TNT, DNTF, and DAP-4/TNT and DAP-4/DNTF
cast explosives with varying mass ratios are shown in Table 6. As shown,
DAP-4 exhibits high sensitivity, with 100% impact sensitivity, 40 N friction
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sensitivity, and 128.39 mJ electrostatic spark sensitivity. Both TNT and DNTF
demonstrate 0% impact sensitivity and 360 N friction sensitivity. Additionally,
TNT has an electrostatic spark sensitivity of 1063.20 mJ, while DNTF measures
1019.30 mJ, both indicating excellent insensitivity characteristics. The cast
explosive with a DAP-4:TNT mass ratio of 50:50 exhibited an impact sensitivity
of 60%, a friction sensitivity of 160 N, and an electrostatic spark sensitivity of
418.15 mJ. At the 30:70 DAP-4:TNT ratio, the impact sensitivity was 40%,
friction sensitivity 360 N, and electrostatic spark sensitivity 555.40 mJ. The
10:90 DAP-4:TNT formulation showed an impact sensitivity of 16%, a friction
sensitivity of 360 N, and an electrostatic spark sensitivity of 818.54 mJ. For
DAP-4:DNTF compositions, the 50:50 mass ratio explosive exhibited an impact
sensitivity of 80%, a friction sensitivity of 80 N, and an electrostatic spark
sensitivity of 444.90 mJ. The 30:70 DAP-4:DNTF blend exhibited an impact
sensitivity of 57%, a friction sensitivity of 120 N, and an electrostatic spark
sensitivity of 538.15 mJ. The 10:90 DAP-4:DNTF composition exhibited an
impact sensitivity of 40%, a friction sensitivity of 240 N, and an electrostatic
spark sensitivity of 781.89 mJ.

Table 6.  Sensitivity characterization of DAP-4, TNT, DNTF, DAP-4/TNT,
and DAP-4/DNTF melt-cast explosives at varying mass ratios

Sample Impact sensitivity F _ri'ct_ion Electr_ogtgtic spark
[%] sensitivity [N] sensitivity [mJ]

DAP-4 100 40 128.39
TNT 0 360 1063.20
DNTF 0 360 1019.30
DAP-4:TNT

—50:50 60 160 418.15

—30:70 40 360 555.40

—10:90 16 360 818.54
DAP-4:DNTF

—50:50 80 80 444.90

—30:70 57 120 538.15

—10:90 40 240 781.89

Sensitivity testing of melt-cast DAP-4/TNT and DAP-4/DNTF formulations
with varying mass ratios demonstrates that increasing the content of TNT or
DNTF progressively reduces impact sensitivity. Concurrently, friction sensitivity
decreases, as indicated by a gradual increase in the load required to initiate
a reaction. Similarly, electrostatic spark sensitivity diminishes, evidenced by
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an increase in the triggering energy. Overall, incorporation of TNT or DNTF
effectively desensitizes DAP-4, significantly reducing both its mechanical and
electrostatic spark sensitivities.

To evaluate the energetic contributions of DAP-4/TNT and DAP-4/DNTF
formulations in composite explosive systems, we calculated the densities of
DAP-4, TNT, DNTF, and their melt-cast blends at various mass ratios and
measured the corresponding detonation velocities. The experimental setup
and the corresponding post-test conditions are illustrated in Figures 11 and 12,
respectively. Figure 11 shows a schematic of the blast velocity test setup, while
Figure 12 presents photographs of the test base components after the experiment,
including DAP-4, TNT, DNTF, and their melt-cast explosives with varying
DAP-4/TNT and DAP-4/DNTF ratios. A comparative analysis is provided in
Table 7. For each sample listed in Table 7, density was measured using eight
replicates, and the results are presented as the mean value with the standard
deviation (mean +=SD).
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Figure 11. Schematic of the blast velocity test setup: pre-test photograph of
a columnar sample (a) and the scheme of the detonation velocity
test (b)
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(d)
Figure 12. Photographs of the test base components after the experiment:
TNT (a), DAP-4 (b), DNTF (c), and their melt-cast explosives with
varying DAP-4/DNTF (c¢) and DAP-4/TNT (d) ratios

Table 7.  Detonation velocity test results for DAP-4, TNT, DNTF, DAP-4/
TNT, and DAP-4/DNTF melt-cast explosives with different mass
ratios

DAP-4:TNT DAP-4:DNTF

Sample | DAP-4| TNT | DNTF Fo50m6 20T10:90 [50:50 30:70 | 10:90
Density | 1.58 | 1.51 | 1.70 | 1.66 | 1.63 | 1.57 | 1.77 | 1.77 | 1.74
[g/em’] | £0.01 |£0.01 | £0.01 |+0.02|%0.01 |+0.01|%0.03 [£0.03 | +0.01
Detonation
velocity | 7852 | 5056 | 8652 | 7488 | 6913 | 5579 | 8019 | 8292 | 8303
[m/s]

As shown in Table 7, the detonation velocity results represent the average
of four independent measurements obtained using the detonation velocity meter.
The DAP-4 propellant column was prepared using a compression molding
process, achieving a density of 1.58 +0.01 g/cm? and a measured detonation
velocity of 7852 m/s. The TNT exhibited molded density of 1.51 £0.01 g/cm?
and a detonation velocity of 5056 m/s. The DNTF had a molded density of
1.70 +0.01 g/cm® and a detonation velocity of 8652 m/s. The 50:50 DAP-4/TNT
cast explosive formulation exhibited a molded density of 1.66 +0.02 g/cm? and
a detonation velocity of 7488 m/s, representing an 84.6% increase relative to TNT.
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The 30:70 DAP-4/TNT formulation showed a density of 1.63 +£0.01 g/cm? with
a detonation velocity of 6913 m/s, corresponding to a 70.4% enhancement over
TNT. For the 10:90 DAP-4/TNT ratio, the molded density was 1.57 +0.01 g/cm?,
and the detonation velocity reached 5579 m/s, reflecting a 37.5% improvement
compared to TNT. In the DAP-4/TNT cast explosive system, detonation velocity
increases substantially with rising DAP-4 mass fraction, demonstrating DAP-4’s
significant energetic contribution to the TNT-based formulation and effectively
elevating the system’s energy output. Consequently, DAP-4 markedly enhances
the detonation performance of TNT-based cast explosives. The 50:50 DAP-4/
DNTF cast explosive formulation exhibited a molded density of 1.77 +0.03 g/cm?
and a detonation velocity of 8019 m/s, representing a 2.1% increase over
pure DAP-4. At the 30:70 DAP-4/DNTF ratio, the formulation maintained
the same density of 1.77 £0.03 g/cm?® with a detonation velocity of 8292 m/s,
corresponding to a 5.6% enhancement. The 10:90 formulation had a density of
1.74 £0.01 g/cm? and achieved a detonation velocity of 8303 m/s, reflecting
a 5.7% improvement relative to DAP-4. Due to DNTF’s significantly higher
detonation velocity compared to DAP-4, The detonation velocity of the DAP-4/
DNTF cast explosive system decreases as the DAP-4 mass fraction increases.
Nevertheless, all DAP-4/DNTF formulations exhibit detonation velocities
exceeding that of pure DAP-4, demonstrating the overall superior detonation
performance of the DNTF-based system.

Concerning safety performance, the DAP-4/TNT melt-cast system exhibits
superior thermal stability and reduced mechanical sensitivity. The thermal
decomposition temperature is significantly elevated, while sensitivity to
mechanical stimuli is markedly decreased, indicating enhanced chemical stability
and operational safety. These properties make it especially suitable for long-term
storage, transportation under complex environmental conditions, and weapon
propellants requiring high reliability.

Regarding energy output, the DAP-4/DNTF system capitalizes on the
inherent high-energy characteristics of DNTF, achieving high detonation
velocities and efficient energy release. This system is therefore better suited for
applications where destructive power is critical, such as breaching warheads,
explosive initiation trains, and specialized penetration missions. Furthermore,
it extends the operational range of melt-cast explosives and allows for tunable
energy output.
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4 Conclusions

¢ DSC analysis revealed contrasting thermal behaviors in melt-cast systems.
Increasing the TNT content in DAP-4/TNT composites delayed the high-
temperature decomposition peak by up to 12.3 °C compared to pure DAP-4,
indicating enhanced thermal stability. Conversely, higher DNTF content in
DAP-4/DNTF composites advanced the peak temperature by 48.3 °C. This
acceleration indicates catalytic activity of DNTF decomposition products
on DAP-4 pyrolysis, which has implications for process safety controls.

¢ Based on a comprehensive evaluation of detonation velocity and sensitivity,
both the DAP-4/TNT and DAP-4/DNTF composite systems demonstrate
awell-balanced synergy between energy performance and safety. The DAP-
4:TNT = 50:50 formulation achieved a detonation velocity of 7488 m/s,
which is 84.6% higher than that of pure TNT, while showing significantly
improved safety characteristics compared to pure DAP-4: impact sensitivity
was reduced from 100% to 60%, friction sensitivity increased from 40 to
160 N, and electrostatic spark sensitivity rose from 128.39 to 418.15 mJ.
Similarly, the DAP-4:DNTF = 10:90 system attained the highest detonation
velocity of 8303 m/s, exceeding that of pure DAP-4, while demonstrating
remarkable desensitization relative to pure DAP-4: impact sensitivity
decreased to 40%, friction sensitivity increased to 240 N, and electrostatic
spark sensitivity rose to 781.89 mJ.

¢ This study demonstrates that melt-casting with either TNT or DNTF
effectively modulates the properties of DAP-4, achieving an optimal balance
between energy content and safety. By demonstrating the practical utility of
molecular perovskite energetic materials in melt-cast explosives, our work
expands design strategies for high-energy, low-sensitivity formulations and
provides key insights for their engineering applications.
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