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Abstract

Micron-sized titanium particles have potential applications as energetic metal high-enthalpy fuel materials. The molecular
perovskite energetic material DAP-4 (H,dabco)[NH,(ClO,);] is a potential high-energy oxidizer in solid rocket propellants.
To explore the combustion mechanism and energy output of DAP-4-based Ti composites, the combustion characteristics
of DAP-4/Ti and F/DAP-4/Ti were studied by electrode ignition device. The results show that the burning rate of DAP-4
can be adjusted by controlling the mass ratio of DAP-4/Ti. After adding Ti into DAP-4, the heat release, self-sustaining
combustion time and flame front propagation velocity are greatly increased to 9,113 J g~!, 265 ms and 0.225 mm ms~!,
respectively, better than those of DAP-4. With Ti added, the decomposition peak temperature of F/DAP-4/Ti dropped from
381.5 to 360.4 ‘C. The experimental results contribute to a better understanding of the chemical reaction mechanism and

energy release characteristics of DAP-4-based propellants containing Ti.

Keywords Ti particles - Molecular perovskite - Combustion characteristics - Decomposition

Introduction

In order to improve the energy density and combustion
stability of solid propellants, adjust the combustion speed
and energy output, and further develop its broader applica-
tion potential [1-3], adding micron-metal particles (MPs)
to adjust the combustion performance of fuels has become
a research hotspot [4-8]. Particles such as Al, B, Mg, Zr,
Zn, etc., have been potential fuels for composite propellants
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in recent years [9-11]. The novel properties exhibited by
micron-sized materials, such as higher combustion enthalpy
and larger specific surface area, enable significant optimiza-
tion of both energy release and reactive centers [12].
Molecular perovskite energetic materials have a special
crystal structure with a cubic that allows for tunable catalytic
activity and high thermal stability [13]. Since 2018, Chen
et al. [14] designed and prepared a high-energy compound
molecule (H,dabco)[M(C104);] (M=Na®*, K*, Rb*, and
NH}). (H,dabco)[NH,(C1O,),] is the only metal-free perovs-
kite high-energy material that combines AP as the basic unit
with low-cost organic fuels (triethylenediamine). However,
the detonation speed and thermal stability, oxygen delivery
capacity and energy release of DAP-4 are far superior to AP.
In recent years, Deng et al. [15] discovered that molecular
perovskite energetic materials can be used as potential ener-
getic oxidizers for solid rocket propellants, and that adding
Al to DAP-4 can enhance the combustion performance of
propellants. The study by Zhou et al. [16] showed that the
thermal stability of DAP-4 is better than most of the cur-
rently used energetic materials. Li et al. [17-20] showed that
CoFe-500, MoS, nanosheets, functionalized graphene, and
Ti;C, MXene additives can enhance the thermal decomposi-
tion of ammonium perchlorate-based molecular perovskites.
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Titanium is a fuel with a strong oxidizer. Ti has a higher
normalized enthalpy of combustion per unit volume com-
pared to Al [21-23]. The advantages of high energy density,
high activity, high strength, corrosion resistance, and non-
toxicity make Ti-MPs a viable alternative fuel source [24].
Titanium particles have a low ignition point and burn rela-
tively slowly, with combustion times an order of magnitude
longer than those of Mg particles of the same size. The long
combustion times indicate that the titanium particles actually
burn on the surface rather than in the gas as a vapor [25, 26].
It can be reasonably expected that the eruption of the mix-
ture of titanium and oxidant can generate TiO, cloud, and
only part of the oxidized particles are sprayed out and react
with the surrounding gas. Exploring the combustion flame
and exothermic decomposition of DAP-4 becomes extremely
attractive when considering the possible effects of Ti-MPs
and their oxides on ignition mechanics.

In this paper, the ignition and combustion mechanism
of molecular perovskite energetic material DAP-4-based
Ti composites under electrode ignition were investigated.
Samples of DAP-4/Ti and F/DAP-4/Ti were successfully
designed and prepared. The morphological and structural
characterization of the raw materials and samples were car-
ried out, and the heat release and pressure variation of pure
DAP-4 and hybrid powder were tested. The flame propaga-
tion of the hybrid powders and composites was observed
using self-assembled molds and high-speed photographic
cameras. And the effect of titanium powder addition on the
thermal decomposition of DAP-4 was analyzed by TG-DSC.
The collected combustion products were also characterized
and tested to add reliability to the proposed mechanism. A
possible combustion mechanism was proposed. This paper
demonstrates the efficacy of Ti in improving material energy
output, longer self-sustained combustion, reducing ignition
delay and promoting catalytic activity of thermal decompo-
sition. The exploration results are expected to propose a new
development route in the field of solid propellants.

Experimental section
Materials

Among the materials used in the experiment, perchloric
acid and Ti-MPs (300 mesh, purity 99.9%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
AP was purchased from Sinopharm Chemical Reagent Co.,
Ltd. All chemicals and powders are used immediately upon
receipt.

Preparation of composite system samples
containing Ti-MPs

Preparation of DAP-4/Ti powder

First, DAP-4 was synthesized by the method previously
reported [27]. Before the experiment, the stoichiometry ratio
of DAP-4 and Ti in the ideal state of complete reaction was
calculated in Eq. (1) and the mass ratio of Ti to oxidant was
obtained as 4: 6.

Ti + 20 — TiO, (1)

The mixed powder was prepared by a simple physical
dry mixing method. According to the calculated formula,
DAP-4 and Ti were added to the agate mortar for grinding,
continuous grinding and stirring until the components were
uniformly dispersed. The test mass was 0.4 g, and the calo-
rimeter was tested in a closed natural environment (without
oxygen). A total of nine groups of detonation heat values
with different ratios were obtained (as shown in Fig. 1a).
Apparently, when the mass ratio of Ti to oxidant is 0.45:
0.55, the mixed powder has the highest heat of combustion,
releasing 985 J g~! more heat than the 8128 J g~! of pure
DAP-4. This ratio is higher than the ideal stoichiometric
ratio of 0.4: 0.6, indicating that other elements are involved
in the reaction during the combustion process, releasing
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Fig. 1 Calorimetric value of oxygen bomb for different formulations (a). Combustion experiment schematic diagram (b)
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more heat. With the increase of Ti content, the heat of com-
bustion first increased and then decreased sharply. When
DAP-4/Ti mass ratio is 0.55: 0.45, the heat release dropped
to 8,070J g_l. This shows that the addition of Ti metal can
improve the energy release of the propellant within a rea-
sonable specific gravity range. The DAP-4/Ti mass ratio of
0.55: 0.45 was chosen for the follow-up experiments, and
five other formulations were investigated. The selected for-
mulations are shown in Table 1.

Preparation of F/DAP-4/Ti solid strip

Designed with constant binder content (10%). The F/DAP-4/
Ti composites were prepared by changing the formulation by
mixing DAP-4/Ti powder with fluoroelastomer solution [28].
First, crush an appropriate amount of fluorine rubber, pour it
into ethyl acetate solvent, and leave it at room temperature
for 12 h until the rubber particles are completely dissolved.
Add the pre-mixed DAP-4/Ti powders, and shake it by ultra-
sonic cleaning machine sonic waves for 3 h to get a well-
mixed slurry. The rheological properties of the slurry were
adjusted by adding ethyl acetate. The slurry was pressed into
a self-made aluminum alloy mold (2 mm X 2 mm X 47 mm),
and the finished sample was maintained in a constant tem-
perature oven at 60 °C. A dense composite polymer solid
strip sample was obtained after demolding. The prepared
solid strip formulations were shown in Table S1.

Characterization

The microstructure and morphology of DAP-4/Ti powder
and F/DAP-4/Ti composites were characterized by scan-
ning electron microscopy (SEM + EDX). The samples were
sprayed with gold prior to being observed. Powder X-ray
diffraction (XRD) spectra were collected on a Philips X
Pert Pro X-ray diffractometer using Cu-Ka (40 kV, 40 mA)
radiation.

The variation of physical properties of DAP-4/Ti hybrid
powder and F/DAP-4/Ti composites with temperature was
examined by TG-DSC technique. The experiment was real-
ized on NETZSCH STA 449F3 STA449F 3A-0971-M. The
test sample mass is 0.3-0.5 mg. The test temperature range
is 40-500 °C, and the heating rate is set at 10 ‘C min~".

Table 1 Mixed powder system No Mass/%
formula
DAP-4 Ti
DAP-4 100 0
DAP-4/Ti-1 75 25
DAP-4/Ti-2 65 35
DAP-4/Ti-3 55 45
DAP-4/Ti-4 45 55

Flame morphology and propagation were captured with
a high-speed camera (Revealer X113) with a sampling
rate of 1000 frames sec™! (powder) and 500 frames sec™"
(solid strip). Ignition was heated with a nichrome wire. The
schematic diagram is shown in Fig. 1b. The burning rate of
DAP-4/Ti powder and F/DAP-4/Ti composites were calcu-
lated based on the flame propagation distance and time. The
sample was ignited with an electrode of 24 V DC voltage. In
the combustion chamber, the electrode ignites about 50 mg
of the sample and the variation of pressure is observed.

Characterization results

In this paper, we characterized the morphology and struc-
ture of DAP-4/Ti powder and F/DAP-4/Ti composite solid.
The experiments started with the synthesis of the perovs-
kite energetic material DAP-4 at room temperature, and the
crystalline particles were regular cubes with sharp angles,
smooth surfaces, and well-defined structures as seen in
Fig. 2a. In Fig. 2b, it can be clearly observed that the Ti
are refined into small pieces and have uneven particle size
distribution, rough surface, cracks, and lamellar structure
on the particle surface. Figure 2¢ shows the state of the two
raw materials after physical mixing. A small amount of Ti
particles adhered to the surface of DAP-4 without obvious
aggregation. It can be seen that the powder is well mixed.

The crystal structures of pure DAP-4, Ti and DAP-4/Ti
mixed powder were measured by XRD, as shown in Fig. 3.
Among the main diffraction peaks of the composite system,
the mountains were at 21.44°, 24.67°, 27.7°, 36.88°, and
39.40° reflected from (222), (400), (420), (531), and (600)
of the (H,dabco)[NH,(CIO,),], these results are in general
agreement with those of the XRD model (CCDC: 1,528,108)
[29]. It was demonstrated that the crystal structure of the
prepared DAP-4 belongs to the ABX; molecular perovskite
structure. The protonated H,dabco®* is the A cation in the
cell, NH;r is the B cation, and ClOy is the X bridge. Each
NH is surrounded by 12 O atoms in 6 Cl1Oy. C1O; can be
seen as a bridge between the two ambient NHJ, forming
a three-dimensional cage-like supra-molecular framework.
The protonated H,dabco®* is locked in the cubic cage-like
space. The above results indicate that the perovskite mol-
ecule DAP-4 was successfully synthesized by a simple one-
pot reaction. Analyzing the XRD measurements correspond-
ing to the received Ti, the peaks were at 35.19°, 38.70°,
40.32°, 53.13°, 63.12°, 70.72°, 76.27° and 77.47° reflected
from (100), (002), (101), (102), (110), (103), (112) and
(201) planes of Ti, this result corresponds to the standard
PDF card 44-1294. The absence of obvious oxide layers
(TiO, TiN, TiO,) on the surface contributes to the accuracy
of the experimental results. The XRD results of the mixed
powder showed that the lattice structures of DAP-4 and Ti
remained unchanged during the preparation.
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Fig.2 SEM images of pure
DAP-4 (a), Ti-MPs (b) and

DAP-4/Ti (c)
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Fig.3 XRD curves of powders

The composite material of F/DAP-4/Ti composites was
constructed, and the cross-sectional area of these solid
strips was relatively uniform. Fig. Sla is a solid strip of
pure DAP-4 with a darker overall color, and Fig. S1b-e are
SEM images of composites with the different mass ratios
of DAP-4 and Ti. DAP-4 was mixed with Ti to make a
uniform distribution. In the figure, we can see the rough
surface with some larger diameter DAP-4 particles. This is
because DAP-4 cannot be mechanically ground to smaller
micron sizes. In addition, pores between the particles can
be observed in the cross section of the composite due to the
volatilization of the solvent. The porosity helps to improve
the heat and mass transfer during the combustion process,
thus increasing the combustion rate. The XRD peaks of the
solid composite strips shown in Fig. S1f are consistent with
those of the powder.

@ Springer

The elemental composition and dispersion of the F/
DAP-4/Ti-4 composite cross-sections were determined
using energy-dispersive X-ray spectrometer (EDX). The
EDX shown in Fig. S2b-d indicates the presence of Ti, Cl
and O as structural elements of the composite solid material
and the expected peak of F due to Fy,. The distribution of
Ti elements is relatively uniform, and the content distribu-
tion of F elements is small. The characteristic peaks of C,
N, O, Cl, F and Ti elements are shown in Fig. S2e. The Ti
content was small but the characteristic peaks were clearly
discernible. qualitative EDX analysis showed that the Ti
and O were 30.35% and 23.84% (mass percentage), respec-
tively. The contents of other elements of C, N, Cl and F
were 13.7%, 4.93%, 12.39% and 14.81%, respectively. It was
demonstrated that the composite sample materials required
for the experiments were successfully prepared by a simple
and easy method.

Results and discussions
Combustion performance study

The combustion performance of the propellant component
is a necessary process that affects the energy and pressure
output of the entire material. The electrode combustion
properties were investigated using a high-speed camera and
the flame shape after electrode ignition was recorded. Since
the electrode ignition is a transient action, the combustion
of the material is defined as self-sustained combustion. The
combustion process of the flame is divided into five stages:
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ignition, development, stable combustion, weakening and
extinction.

Figure 4 shows the electrode ignition combustion process
of a 50 mg mound-like composite powder sample. From
Fig. 4a, it can be noticed that the flame morphology of pure
DAP-4 is relatively regular. The flame zone in the front view
is in the shape of a small strip with the flame root close to
the crucible contact surface. It takes only 85 ms to reach
the fierce point where the flame burns steadily. The whole
process is concise and clear, and the response is rapid and
intense. The interior of the fireball is in a dazzling incan-
descent state, with a large incandescent area in the center,
which is very bright during the development and stabiliza-
tion phase.

Figure 4b—e show the ignition combustion process of
the mixed powder after adding metal Ti under the same
conditions. It can be seen that the combustion time of the
sample becomes longer, the bright area becomes larger and
the shape is irregular after the addition of metal powder. In
general, the middle incandescent region is more dazzling.
A large number of sputtering spark particles are observed
in the developing and stable combustion phase, which is
due to the fluctuation of the gas flow and the sputtering
phenomenon of combustion particles by the combustion
products of DAP-4, such as CO,. The gas expansion causes

Fig.4 High-speed photographic
images of 50 mg powders elec-
trode ignition (a—e)

(a) 5ms
DAP-4

(b) 5ms
DAP-4/Ti-1

(C) 5ms
DAP-4/Ti-2

(d) 5ms
DAP-4/Ti-3

(e) 15ms
DAP-4/Ti-4

35ms

45ms

35ms

85ms

65ms

the combustion particles to move upward, creating a tra-
jectory of combustion particles moving into the surround-
ing space [30]. During the flame weakening phase, it can
be observed that it is accompanied by the sputtering of
unburned particles and the simultaneous generation of a
large amount of smoke. The smoke is a combination of
adhesion and condensation of moisture and particles in
the DAP-4 combustion products and spreads in space with
the influence of the airflow. In the comparison of DAP-4/
Ti, the composite powder containing 45% Ti (DAP-4/Ti-3)
showed a continuous burning time of up to 265 ms, which
is 100 ms longer than that of pure DAP-4. This may be due
to the relatively slow burning of the metal particles. The
shortest continuous combustion of the composite powder
(DAP-4/Ti-2) containing 35% Ti is 185 ms, which is 20 ms
longer than that of pure DAP-4. When Ti reacts with oxy-
gen, a protective TiO, film is formed on the surface. When
the surface of the particles acts as a protector, the combus-
tion and rate of the particles are limited. Only when the
temperature exceeds the melting point of the oxide, the
surface layer loses its protective effect.\

The 0.3 g of powder was laid flat in the template slot
and ignited with an electrode at one end. The flame front
propagation is shown in Fig. 5. As can be seen in Fig. 5a,
the flame front of pure DAP-4 reached the other end with

135ms 165ms

245ms

115ms
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a continuous burning at the ignition point and an over-
all regular triangular cross section. With the increase of
Ti, the flame burning intensity increases and the burning
space expands as shown in Fig. Sb—e. At the same time,
the flame shape is irregular and the incandescent region
is more dazzling. There are also many sputtering spark
particles at the edge of the burning area. As the combus-
tion wave spreads outward, tiny particles of slow-burning
titanium metal powder are ejected from the combustion
zone. The escaped particles become burning spheres and
fall freely into the air.

According to the dynamic propagation of the flame front
in Fig. 5, the flame propagation velocity calculated by taking
the steady-state propagation phase of the flame is shown in
Table S2. Due to the fast propagation of the internal combus-
tion wave of titanium powder, the heat energy transfer and
mass transfer between the particles is fast. The front end of
the flame can quickly accumulate heat and reach the ignition
point. Obviously the metal gives full play to its high heat and
mass transfer in the flame propagation process, making the
flame propagation speed of 0.169 mm ms~! for the powder
containing 55% Ti.

The flame dynamics of the composite ignited by an open
flame are shown in Fig. 6a-e, and the burn rate is shown
in Fig. 6f. It can be seen that there is a process of energy
accumulation and slower flame propagation in the early
phase of combustion of the composite. The flame intensity
of the solid strip at 0.2 s is much higher than that of the pure
DAP-4 at 0.4 s. As the flame front advances, the combus-
tion reaction becomes very intense and the combustion rate
increases rapidly. With the addition of 25% Ti (F/DAP-4/
Ti-1), the superior heat transfer rate of the metal short-
ened the combustion time by 0.8 s compared to that of pure
DAP-4. However, with the continuous combustion of tita-
nium, the longer the combustion time of the composite with
more metal added. In the flame comparison of F/DAP-4/
Ti, the composite containing 55% Ti (F/DAP-4/Ti-4) had
a long duration, reaching 1.7 times that of the pure DAP-4
composite.

The decomposition of fluoroelastomers in this part of the
combustion produces other hydrocarbon fuels. The decom-
position gases consisting of fuel and oxidizer components

Fig.5 High-speed photographic
imges of 0.3 g powders elec-
trode ignition: DAP-4 (a) and
DAP-4/Ti (b—e)

@ Springer

are mixed together to form a diffusion flame on the combus-
tion surface [31].

For high-energy materials, it is important to record the
pressure curves during combustion. Fig. S3 shows the pres-
sure curve of DAP-4/Ti, and the detailed data calculated
according to Fig. S3 are shown in Table 2.

It can be seen from Fig. S3 that the pressure in the pre-
liminary stage rises rapidly due to the high-temperature gas
eruption immediately after the specimen ignition. With the
addition of Ti, the peak pressure of DAP-4/Ti showed a slow
decreasing trend. The rise time was only 7 ms for pure DAP-
4, and increased to 19 ms for the addition of 55% Ti (DAP-4/
Ti-4), which was 2.7 times higher than that of pure DAP-
4. Similarly, the addition of 55% Ti (DAP-4/Ti-4) reduced
the maximum explosion pressure of the mixed powder from
915.79 kPa for pure DAP-4 to 291.96 kPa. This may be due
to the lack of oxygen supply to the oxidizer DAP-4.

Thermal properties

The thermal decomposition behavior profoundly affects the
quality and shelf life of energetic materials. Figure 7 shows
the TG and DSC curves of the composite samples DAP-4/
Ti and F/DAP-4/Ti at a temperature increase rate of 10 C
min~'. Figure 7a shows that the tested powder samples have
a weak heat absorption peak around 274 °C. At this time, the
samples are not melted or extruded by organic processes, SO
the appearance of the heat absorption peak is most likely
caused by changes in crystal morphology, and the addition of
Ti metal powder does not affect the phase change of the crys-
tal. The exothermic elevation temperature of pure DAP-4
was 380.8 ‘C. The elevated exothermic temperature of the
samples continued to decrease with increasing Ti content,
but the effect was not particularly pronounced. The addition
of 55% Ti (DAP-4/Ti-4) reduced the peak exothermic tem-
perature by 6.2 °C, indicating that the addition of Ti reduced
the peak exothermic temperature to some extent. Figure 7b
shows the TG curves of the composite powder samples, in
which the initial decomposition of the powder containing
25% Ti (DAP-4/Ti-1) is close to 50 “C. With the increase of
Ti, the initial decomposition temperature of the composite
samples gradually increases, and the initial temperature of
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Fig.6 High-speed photographic
images of 3 cm polymer flame
ignited by open flame (a—e) and
burn rate (f)

Table2 The curve data for the rise time, P, and pressurization rate

from Fig. S3
Sample Rise time/ms P a/kPa Pressurization
rate/kPa ms ™!
DAP-4 7 915.79 130.21
DAP-4/Ti-1 8 526.89 65.40
DAP-4/Ti-2 14 435.50 30.01
DAP-4/Ti-3 14 409.12 28.96
DAP-4/Ti-4 19 291.96 15.04

thermal decomposition of the powder containing 55% Ti is
close to 325.4 °C of pure DAP, but its thermal decomposition
termination temperature is similar to that of pure DAP-4,
which are both around 385 C.

The mass loss rate of the composite powder was 70%,
58.5%, 51.9% and 38.1% for Ti content of 25, 35, 45 and
55%, respectively, while the mass loss rate of pure DAP-4
was 81.4%. In the combustion reaction of DAP-4 with Ti,
elements such as O, N and CI were involved in the chemical
reaction. These elements react with titanium to form solid

| 0.652
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02\
r

Burn rate/mm ms™

2
F’DA mN’ Ao AT IDP‘? m\

products, such as TiO,, reducing the production and release
of gases.

Figure 7c shows the DSC curves of the solid strips, where
the phase change heat absorption peaks are still present at
around 274 “C. The peak exothermic temperatures of the
composites were 372.5 371.4 364.6 and 360.4 °C, respec-
tively, and the peak exothermic temperature of the solid
strip of F/DAP-4 was 381.5 °C. The peak temperature of the
composite with 49.5% Ti (F/DAP-4/Ti-3) was significantly
lower by 21.1 ‘C. This indicates that the catalytic effect of
thermal decomposition gradually increases with the increase
of Ti content in the samples. We can also find that the addi-
tion of F,4, reduces the decomposition peak from 374.6 to
360.4 °C, indicating that the addition of binder also has a
specific effect on the thermal decomposition of DAP-4/Ti.
In Fig. 7d, the initial temperatures of thermal decomposi-
tion of the composites with Ti content of 22.5, 31.5, 40.5
and 49.5% were 38.6, 323.1, 321 and 322.0 C, respectively.
The termination temperatures of thermal decomposition
were 385.8, 383.2, 381.4 and 376.0 C, respectively. The
decomposition temperature differences were 152.2, 80.4,
77.5 and 73.2 °C, respectively. Therefore, it can be found that
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Fig.7 TG-DSC curves of DAP-4/Ti (a, b) and F/DAP-4/Ti (¢, d)

the combustion rate of F/DAP-4/Ti was effectively increased
with the increase of Ti content.

Combustion condensation products analysis

In order to more fully understand the chemical reactions
between DAP-4 and Ti, we collected the combustion prod-
ucts and dried them in an oven for 24 h. The solid conden-
sation products were tested by SEM, EDS and XPS. The
gaseous products of the thermal decomposition process were
examined by MS and the following results were obtained:

It can be observed in Fig. 8 that there is a bonding phe-
nomenon between DAP-4 particles after a short period
of high temperature combustion, and there is a partially
reacted incomplete cubic structure. The metal particles
grow spherically, forming spherical, large particles of
oxide [32].

The EDS elemental analysis of Fig. 9 revealed the highest
coverage of Ti and O elements on the surface of the spheres,
which further proves that the generated spheres are TiO,
oxides.
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Fig.8 SEM images of DAP-4/Ti combustion products

The combination of XPS features was utilized to be able
to identify the condensation product material composi-
tion, as shown in Fig. 10. The two main peaks at 284.8 and
531.2 eV were identified as the Cls and Ols peaks, with
the greatest peak intensity for elemental oxygen, indicating
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Fig. 9 EDS images of DAP-4/Ti combustion products

the highest O content, which is consistent with the EDS
results. The binding energies were similar at 200 eV and
458.5 eV, and two main peaks were identified as CI2p and
Ti2p, respectively. The orbital binding energies of Ti2p are
464.3 and 458.6 eV, respectively, which suggests that Ti
exists mostly in the tetravalent form in the product.

In order to gain a more complete understanding of the
thermal decomposition and reaction mechanism of the
samples, we measured the gas MS curves of the decom-
position products, as shown in Fig. 11. The curves in the
figure can be observed that during the thermal decompo-
sition reaction of DAP-4 and Ti, gases such as N,, H,O,
CO,, HCI, NO,, NO, HCIO are mainly generated, and
these gas products are released by the decomposition of
DAP-4 [33-35]. The unique cage-like structure of molecu-
lar chalcocite reacts with metal fuel combinations to pro-
duce stable oxides can and a variety of gaseous products,
releasing higher energy [36, 37].

Study on combustion decomposition
mechanism

In general, the surface area of the metals decreases rap-
idly due to their sintering properties. However, since the
Ti metal itself burns without severe sintering, it still has a
high concentration of dislocations and a large surface area
after mixing with DAP-4. This may lead to enhanced oxygen
diffusion and increased transient energy release potential.
A possible combustion decomposition mechanism was pro-
posed by studying the characterization data of DAP-4/Ti and
F/DAP-4/Ti composites. The preliminary exploration of the
combustion decomposition mechanism is shown in Fig. 12.

During the warming process, the activated proton
H,dabco?* breaks the cage state when the heating energy
is sufficient to break the cage state formed by the Coulomb
interaction between C10,~and NH,* in the anion skeleton.
As the ambient temperature increases, the presence of Ti
and the resulting oxide layer accelerates the transfer of
protons, resulting in the formation of more perchloric acid,
which is more likely to produce superoxide radicals. And
the superior heat transfer characteristics of Ti metal make
it transfer heat faster, while the liquid product decomposes
and sublimates into gaseous HC1O, and NH;. Simultane-
ous solid—gas multiphase reactions occur, producing large
amounts of N,O, Cl,, O,, HCI, H,0, and small amounts
of NO. The gas-phase reactions produce large amounts of
NO, Cl,, O,, H,0, etc. In most cases, O, and Cl, can be
preferentially absorbed by metallic materials due to their
higher activity compared to products such as CO and H,0.
The superior affinity of titanium for oxygen allows the
reaction to produce more TiO,, which leads to faster and
higher exothermic reactions and less mass loss. Ti main-
tains its structure under rapid heating at high tempera-
tures, which may lead to a lower ignition temperature and
enhanced ignition capacity of titanium during combustion.

Fig. 10 XPS full spectrum (a) (a) (b)
and the high-resolution Ti2p (b) 578
Ti2p | Ti2p
32
) (TiO,)
: .| Tizp,, ’
= =S
% Cis :\; (Tio,)
£ £
8 o
2 wv Tip N1s C}2p £
600 400 200 4650 4625 4600 4575 4550
Binding energy/eV Binding energy/eV
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It can be seen that Ti catalyzes the reaction between the
gas-phase decomposition products rather than the solid-
phase melt of DAP-4 itself, and ignition is dependent on
gas-phase interactions. The energy released by combustion
increases significantly.

In conclusion, the presence of Ti increases the active
sites on the oxidized surface. After ignition and heating,
DAP-4 decomposes to release oxygen, which reacts with
the metal oxide layer and Ti. During this period, once the
temperature and energy are able to break the oxide layer,
the protective layer of the metal becomes useless, allowing
the Ti core to join the reaction and release more energy.
It can be seen that the chemical reaction of the Ti metal
particles gradually moves from the surface oxide layer to
the core. The results show that the molecular perovskite
energetic material DAP-4-based Ti powder composites
have good combustion performance and more considerable
energy output. From the application point of view, Ti has
a high characteristic specific enthalpy of combustion and
can be a choice to replace or supplement materials such as
Al and Mg. Of course, it can also be used to develop new
materials with improved performance, safety and stability.

]
= N,/CO
g H,O
5 o, VAN
9
2
8 NO,
£
E H,dabco**
HCIO,
250 300 350 400 450

Temperature/°C
Fig. 11 The MS curve of DAP-4/Ti with a temperature rate of 10 °C

min~!

Fig. 12 Combustion mechanism
diagram of DAP-4/Ti

@ Springer

\ : i }* Ti Cr-
/ ' HCIO, . 0,

Conclusions

In summary, the combustion performance of DAP-4-based
titanium powder composites was investigated, and a possible
combustion mechanism was proposed. The homogeneously
mixed DAP-4/Ti hybrid powder was successfully prepared,
and the F/DAP-4/Ti stable solid composites were success-
fully prepared with the polymer binder F,,. Characteriza-
tion and experimental tests showed that the addition of metal
Ti to DAP-4 could effectively enhance the combustion heat
and flame luminescence intensity of the composites. The
presence of Ti particles can regulate the combustion rate of
DAP-4 and accelerate the dynamic flame propagation, while
extending the self-sustained combustion time of the compos-
ites. The presence of Ti regulates the burning rate of DAP-4,
accelerates the dynamic flame propagation and prolongs the
self-sustained burning time of the composite. At the mass
ratio of Ti to DAP-4 of 0.45:0.55, the heat of combustion of
DAP-4/Ti-3 was the highest at 9,113 J g~!. The combustion
duration of 50 mg of pure DAP-4 was 165 ms, while the
self-propagating combustion duration of DAP-4/Ti-3 could
reach 265 ms with the addition of 45% Ti. The analysis of
the combustion rate of the mixed powder showed that that
the front propagation speed of DAP-4/Ti-3 flame could reach
0.225 mm ms~'. However, the combustion rate of DAP-4/
Ti gradually decreased with the increase of Ti. When the
Ti particle addition was 55%, the boosting rate decreased
significantly to 15.04 kPa ms™'. In addition, when the mass
ratio of F,40,/Ti/DAP-4 was 10: 49.5: 40.5, the combustion
rate of the composite was the slowest at 0.385 mm ms~".
TG-DSC showed that with the addition of Ti, the combus-
tion rates of DAP-4/Ti and F/DAP-4/Ti composites decom-
position temperature gradually decreased with the addition
of Ti. Studies have shown that DAP-4-based Ti composites
have good combustion performance and energy release and
that metallic titanium particles are a viable alternative fuel
for high energy solid propellants.
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