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Abstract: Nitrogen-rich compounds have been widely used in pyrotechnic
composition and gas generators due to their high gas yield, enthalpy of formation, and
environmental friendliness. However, when various nitrogen-rich compounds are
used in combination with other energetic materials, adverse phenomena such as
reduced thermal stability occur in the mixture. Therefore, GAP-ETPE (GAP-based
energetic thermoplastic polyurethane elastomer) is selected as the coating material to
enhance the thermal stability of the incompatible energetic compounds, 5-AT (5-
amino-tetrazole) and NC (nitrocellulose). A relatively complete ETPE coating layer
was successfully formed on the surface of 5-AT particles by solvent evaporation
method. The DSC (Differential scanning calorimeter) and VST (Vacuum stability test)
test results show that when 5-AT@ETPE is mixed with NC, the variation in
decomposition temperature is reduced by 4.4°C, and the net increase in gas release in
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the stability test is reduced by 35%. Compared with NC/5-AT, the initial activation
energy of the mixed system NC/5-AT@ETPE is increased and the activation energy
of the reaction process is more stable. The interaction between gas-phase products
such as NO, with NH>CN and HN3 weakens, the characteristic peak of the 5-AT side
reaction product NHy4 appears, and the decomposition synergy phenomenon between
5-AT and NC is weakened.

Keywords: nitrocellulose, thermal analysis, coating, 5-aminotetrazole

Supplementary Information
The decomposition peak temperatures, volumes of evolved gases and compatibility
evaluation results are available in Supplementary Information.

1 Introduction

The environmental friendliness, high enthalpy of formation and gas production
characteristics of nitrogen-rich compounds make them ideal materials for energetic
solid fillers in propellant [1, 2]. Researchers at home and abroad have added various
nitrogen-rich compounds to propellants, explosives and propellants and discovered
their excellent energy properties [3-5]. However, it has been found that some nitrogen-
rich compounds, such as NaNs, TKX-50 and other high-energy nitrogen-rich
compounds, have chemical incompatibility with other energetic components [6-9].
Due to the instability of the multi-component rings of nitrogen-rich compounds [1],
when mixed with other energetic materials, they show a relatively obvious effect of
promoting decomposition, reducing their thermal stability and hindering their
application in propellants and propellants [10].

Nitrocellulose (NC) is the most important and indispensable part of the energy
component and mechanical structure framework of the propellants [11]. However, NC
itself has the characteristic of chemical instability. Therefore, stabilizers such as
diphenylamine are often added to the propellant to stabilize the chemical structure of
NC [12]. The chemical incompatibility between nitrogen-rich compounds and NC can
lead to the accelerated autocatalytic reaction of NC, accelerate the aging of the
emission gas, and may affect the mechanical properties, sensitivity, storage and usage
safety of the emission drug [13, 14].

Jonathan Lavoie investigated the effects of four nitrogen-rich compounds, namely
5,5'bis(1 H-tetrazolium)-amine  (BTA), 5,5'hydrazolium (HBT), 3,6-dizolium
tetrazazine (DHT), and 5-aminotetrazolium nitrate (HAT-NO3), on the combustion
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performance of typical three-base emitants. The results show that BTA, HBT and DHT
all significantly reduce the combustion temperature of the propellants, have a smaller
impact on the potency of the propellant, produce more gas and have a higher
proportion of N». At a content of 25%, DHT and HAT-NOs had a significant effect on
the burning rate of the propellant, which was 80% higher than that of the tribasic
launching drug. The addition of nitrogen-rich compounds such as BTA, HBT and
DHT all reduced the ablation effect of the propellant. The lower combustion
temperature and the diffusion of nitrogen in steel and its reaction with steel effectively
reduced the ablation effect of gas on the inner wall of the ablation tube. However, the
addition of some nitrogen-rich compounds reduced the thermal stability of the
propellant. DSC tests indicated that the addition of HBT reduced the decomposition
temperature of the propellant. The analysis suggested that these two compounds might
easily react with the —ONO, groups present in nitrocellulose and the plasticizers used
in the formulation. Despite the presence of stabilizers, it was found that the
compatibility of DHT with the nitrates used in the propellant formulation was very
poor, which led to a rapid autocatalytic decomposition reaction of NC. In the vacuum
stability test, the venting volume of the nitrogen-rich propellant containing HAN-NO3
increased significantly, and the nitrogen-rich gun propellant containing DHT even
experienced combustion. The compatibility of HAT-NO; with the same materials is
also poor [15-17].

5-Aminotetrazole (5-AT) is an energetic material with a simple structure among
tetrazole compounds, featuring a nitrogen content as high as 82.4% and a relatively
high standard molar enthalpy of formation (208.7 kJ/mol) [18]. The synthesis
technology of 5-AT is relatively mature, thus it is cheap and readily available, and has
broad application prospects in gas generators, low-characteristic signal solid
propellants, environmentally friendly gas, and high-energy insensitive explosives [19,
20]. However, 5-AT has significant interactions with various energetic materials such
as NC, absorption tablets, NQ, RDX, and CL-20, resulting in poor compatibility with
the commonly used components of emission gas and hindering its wide application in
emission gas [21].

At present, there are many methods to improve the thermal stability and compatibility
of materials and composites. Available stabilization strategies include inert coatings,
surface passivation and doping. Surface passivation methods aim to construct a
complete oxide layer on the surface through acid etching, heat treatment or other
related methods to reduce external irritation [22, 23]. However, heat treatment in an
air atmosphere may cause aging of energetic materials or even thermal decomposition
due to the increase in temperature. The ion doping method involves adding ions to the
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synthesis or crystallization of energetic materials to make the stacking structure of the
molecular lattice more compact, thereby enhancing thermal stability and
compatibility [24]. However, it will cause energy loss due to the introduction of
doping elements. This method is mainly used to improve the thermal stability of
energetic materials, but its effect on improving compatibility is relatively small.

The surface coating method is to form a coating layer of inert materials on the surface
of energetic materials, thereby blocking the contact between incompatible energetic
materials. It is an effective and convenient way to improve the compatibility between
energetic materials. The high bond energy (451.1 kJ/mol) of the Si—O bond in silane
coupling agents endows them with excellent thermal stability and they are often used
to improve the thermal stability and compatibility of energetic materials. The effect
of improving the compatibility of TKX-50, AlH3 and other energetic components is
relatively good [25-27]. High-efficiency coating technologies such as polydopamine
(PDA) and long-chain alkanoic acid (PA) can also significantly improve the
compatibility between energetic materials [28-30]. However, in the experiments to
improve the chemical compatibility among energetic materials, the amount of coating
used is relatively large, which has a significant impact on their energy performance.
Therefore, the use of energy-containing compounds for coating can reduce energy loss.
There are mainly two types of traditional energetic coating materials: One type is
energetic  compounds, including triaminotrinitrobenzene (TATB), 2.4,6-
trinitrotoluene (TNT), and 3-nitro-1,2,4-triazole-5-one (NTO) [31, 32]. One type is
energetic polymer materials, such as NC, polyazide glycidyl ether (GAP), BAMO-
THF copolymer ether, energetic thermoplastic elastomer (ETPE). The selection of
energetic compounds such as TATB and NTO as coating materials can reduce the
energy loss of the system. However, most of the solvent systems used for coating are
water, which has a relatively high solubility for 5-AT, and the energy content will also
have an impact on the thermal stability of the samples [33]. GAP has a high-energy
N3 group. As a coating layer, it can achieve coating modification while reducing
energy loss [34]. The isocyanate curing agent used in GAP polymerization has a
strong reaction with the -NH; group of 5-AT, as shown in Equation 1 [35], which
prevents GAP from in-situ polymerization and curing on its surface. BAMO-THF also
requires the use of isocyanate curing agents for cross-linking and curing.

R—NCO+ R,—NH — R—NHCONHR, (1)
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Energetic thermoplastic polyurethane elastomer (ETPE) is often used as an energetic
binder for propellants, which can contain multiple energy groups and improve energy
performance. Gap-based energetic thermoplastic polyurethane elastomer (GAP-ETPE)
is a two-phase block copolymer composed of the soft segment part and the hard
segment part with GAP as the prepolymer, and it has a relatively high heat of
formation [36]. Therefore, ETPE can be used as an ideal energetic coating material
for nitrogen-rich compounds.

In summary, to address the incompatibility between 5-AT and NC, a surface coating
method was used to prepare 5-AT@ETPE coated samples, and the degree of coating
was characterized by SEM and XPS. The improvement of the compatibility issue
between 5-AT and NC by the coating method was investigated through differential
scanning calorimetry (DSC) and vacuum stability test (VST). The improvement
mechanism of coating on the mutually promoting decomposition effect was further
studied through the thermal decomposition kinetics and the analysis of the pyrolysis
products of the samples.

2 Experimental Section

2.1 Materials

5-AT (98%), tetrahydrofuran (99.5%) and heptane (99.5%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. GAP-ETPE with an average
molecular weight of 31000 g/mol was supplied by the Beijing Institute of Technology.
The nitrocellulose (NC, 12.7% nitrogen content) was received from Luzhou North
Chemical Industry Co., Ltd.

2.2 Preparation of composites

According to the experimental conditions in Table 1, a certain amount of ETPE was
dissolved in 60 mL of tetrahydrofuran, and then the corresponding amount of 5-AT
was added, stir for 30 min and disperse by ultrasonic (power 100W) for 30 min. At a
certain stirring rate, 30 mL of heptane is added as the continuous phase of the solution,
and then the tetrahydrofuran solvent is heated and evaporated. When the solvent in
the beaker has completely evaporated, add n-heptane, filter, wash the sample and dry
it. Particle samples of 5-AT@ETPE were obtained.
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Table 1. Coating experimental factors and experimental arrangements

T t Stirri t
Sample ETPE [g] 5-AT [g] emperature 1rr1ng rate
[°C] [r/min]

ATE1 0.125 0.875

ATE2 0.15 0.85 30

ATE3 0.175 0.825 875
ATE4 50

ATES 70

0.15 0.85

ATEG6 30 800
ATE7 30 950

2.3 Characterization of surface coatings

The surface morphological features of 5-AT and its composite 5-AT@F2602 were
systematically characterized using field-emission scanning electron microscopy (FE-
SEM, ZEISS Sigma 300). The proportion of surface elements of each sample was
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi). Calculate the coverage degree by using the element content measured by XPS
according to Equation 2.

NATE _NSAT
NE_NSAT

R= 2)

where Nsar is the proportion of N element on the 5-AT surface; Ng is the proportion
of N element on the surface of ETPE. Narg is the proportion of N element on the
surface of ATE samples; R is the degree of coverage.

2.4 Thermal decomposition and vacuum stability of composites

The thermal stability and component compatibility of the binary mixture were
evaluated using differential scanning calorimetry (Mettler DSC3+). Samples were
prepared by homogenizing NC and 5-AT samples in heptane (1:1 mass ratio) through
continuous mechanical agitation for 2 h. DSC measurements were conducted under
argon purge (50 mL/min) using hermetically sealed aluminum crucibles, with
temperature ramping from 25 to 300 °C. The heating rate is 10 K/min.

Gas evolution behavior of the NC/5-AT composite was quantitatively analyzed using
a Vacuum Stability Tester (Beijing Di'an 200Pro). Precisely weighed samples
(5.000 £0.0001 g, 1:1 mass ratio) underwent degassing in specialized reaction vessels
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evacuated to <0.5 kPa prior to isothermal conditioning at 100.0 £0.5 °C for 40 h. The
data acquisition at 1 min intervals recorded pressure-time profiles.

2.5 Analysis of thermal decomposition characteristics

The reaction kinetics calculation was carried out based on the test sampling data of
thermogravimetric analysis (TG). The improvement effect of the coating on the
compatibility of NC/5-AT can be better understood by comparing the activation
energy results of the thermal decomposition reaction of NC/5-AT with those of the
thermal decomposition reaction process of NC/5-AT@ETPT. The TG experiment was
conducted using Mettler equipment, with an atmosphere of argon (gas flow rate
50mL/min), and heating rates of 5, 10, 15, and 20 K/min. The samples were placed in
sealed aluminum crucibles for testing.

In this study, the Feinn-Wall-Ozawa (FWO) [37] and Advant-Vyazovkin [38] methods
were adopted to calculate the kinetic parameters of non-isothermal decomposition.
The evolution process of the dynamic calculation equation is as follows.

In the heterogeneous solid thermal decomposition reaction system, using the one-step
reaction kinetics equation in the isothermal homogeneous system, Arrhenius [39] can
be expressed as Equation 3.

KT f (@) = Af (@) exp(—%) 3)

where E is the activation energy of thermal decomposition reaction (J/mol); 4 is the
reaction preexponent factor (min'); R is the gas constant (8.314J/K); T is the
thermodynamic temperature (K); f(o) is the differential kinetic mechanism function
determined by the reaction type. a is the conversion rate of the reaction, which can be
calculated by Equation 4.

o=t @)

where mo, m,, and myrepresent the initial mass of the sample, the mass of the sample
at time t or temperature 7, and the final residual mass. And the value of a is between
0 and 1, which is a physical quantity used to represent the degree of progress of
thermal decomposition reaction in heterogeneous systems.

The reaction rate equation of non-homogeneous system under non-isothermal
conditions can be expressed by Equation 5.
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do E
p T Af () exp(— E) %)

where £ is the heating rate (K/min)

Model-free methods allow the kinetic parameters to be evaluated without pre-
selecting the reaction model. In this study, Kissen-Akahira-Sunose (KAS), and
Advanced-Vyazovkin methods were selected to calculate the kinetic parameters of
non-isothermal decomposition. The calculated data are obtained from the relationship
between mass and temperature measured by TG.

According to the KAS method, for a given value of 4, the slope of the line generated
by the linear correlation of /n(B/T°) with 1/T can determine E, as shown in Equation
6.

OR . E

B
(=) = _=
) =G ) T 'T (©)

The Advanced-Vyazovkin method has a good tolerance for experimental test
fluctuations, and is a more accurate calculation method for reactions with faster
decomposition rate. The method uses the activation energy as an integral expression
of temperature or time function to estimate. This method is a nonlinear equivalent
transformation method. For a series of TGA runs at different heating rates, the value
of the Eo/a dependence can be determined by minimizing the following Equation 7.

I(E,.T,)B,
SRR ?

The temperature integral in the above equation can be derived from Equations 8 and
9.

(£,.T,)= .[oTa

(8)

1=L p) ©)
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The temperature integral p(x) in the formula is difficult to solve using numerical
methods. In this paper, we solve it by using the following approximate method as
Equation 10.

(1)~ 2D, X +40x" +552x +3168x +7092x + 4320
P X x*+42x° +630x* +4200x° +12600x +15120x + 5040
(10)

In order to study the mechanism of the interaction between NC and 5-AT in greater
depth, the gas components generated during the thermal decomposition of the samples
were tested and analyzed by using thermogravimetric infrared spectroscopy (TG-
FTIR) analysis technology. Observe the function of the sample's mass with function
of temperature or time when the sample is at a temperature controlled by the program.
By combining the thermogravimetric analyzer with infrared instruments, while
obtaining thermal analysis information, the escaping gases during the thermal analysis
process can be further detected. The gases generated during the thermogravimetric
process are sent through pipelines to the infrared spectrometer for real-time online
detection. Obtain the infrared spectrum of the gas to be tested, and thereby
qualitatively analyze the gas product through the relative magnitudes of the
wavenumber and absorbance of the absorption peak. This can determine the
composition of the product and its relationship with temperature changes, and
compare it with the results of thermogravimetric analysis to gain a more
comprehensive and in-depth understanding of the combustion oxidation reaction
process. The test conditions adopted a heating rate of 10 K/min, an argon atmosphere
flow rate of 50 mL/min, and an infrared signal acquisition frequency of 1/40 s. The
tests were conducted in a synchronous analysis device (TG, Netzsch STA2500) and a
spectrometer (FTIR, Thermo Fisher iS50).

3 Results and Discussion

The preparation diagram of 5-AT@ETPE is shown in Figure 1. In the mixed solution,
the tetrahydrofuran solution has a relatively low solubility for 5-AT, which can wet
the surface of 5-AT and cover it with the ETPE binder solution. Heat the evaporation
solution to volatilize the lower boiling point tetrahydrofuran in the mixed solution
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system, then ETPE precipitates from ethyl acetate and adheres to the surface of 5-AT
particles to form an ETPE coating, thereby obtaining the 5-AT@ETPE sample.

Figure 1. Schematic diagram of the preparation of 5-AT@ETPE

3.1 Morphology and structures of S-AT@ETPE

The SEM images of 5-AT and ETPE are shown in Figure 2. 5-AT has a square
structure and its surface is relatively rough. The surface of ETPE in the picture is
relatively flat, presenting a continuous film-like structure with a few wrinkles, which
might be caused by stress release during the solvent evaporation forming process.
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Figure 2. The SEM images of 5-AT (a) and ETPE (b)

The SEM images of the ATE samples are shown in Figure 3, where (a-g) correspond
to samples 1-7 respectively. The XPS spectra of the ATE samples and their elemental
contents are shown in Figure 4 and Table 1. The surfaces of samples 1, 2, 3 and 6 in
the figure have a considerable number of 5-AT small particles. It might be that 5-AT
has a relatively low solubility in tetrahydrofuran solution, causing the small particles
to peel off from the surface. The particle structure of samples 3 and 4 of 5-AT changed
into rod or needle-like agglomerated substances. The solubility of 5-AT increased in
the solution at a higher temperature and it was severely etched®¥. There are ETPE
aggregates in samples 3 and 6. It might be that the amount of ETPE is excessive or
the stirring rate is relatively slow, which makes ETPE prone to agglomeration during
the precipitation process. The surface of sample 7 is covered with a rough continuous
layer. There are no 5-AT small particles on the surface, and there are smaller ETPE
aggregates beside the particles. The appropriate concentration of ETPE solution and
the evaporation temperature of the solvent prevent ETPE from immediately
agglomerating during precipitation and coating. Moreover, the relatively fast stirring
rate enhances the dispersion of ETPE in the solution, thereby achieving a better
coating effect [40]. It can be seen from Table 1 that ATE7 has the highest coverage.
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Figure 3. The SEM images of ATE samples
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Figure 4. The XPS spectra of ATE samples
Table 2. Surface element content and coating degree of samples
Element content [%] Coating
Sample
C 0] N degree [%]
5-AT 21.25 2.59 76.16 -
ETPE 53.88 26.69 19.42 -
ATE1 37.96 11.22 50.91 4542
ATE2 49.86 17.9 32.25 76.79
ATE3 42.95 15.27 35.66 70.83
ATE4 39.85 13.73 46.42 52.01
ATES 37.51 10.47 52.01 42.24
ATE6 44.03 14.54 41.43 60.74
ATE7 51.71 23.66 24.63 90.82




Study on the Effect of Energetic Thermoplastic Polyurethane.... 524

3.2 Chemical compatibility analysis

The DSC and VST experiments of all NC/ATE samples were conducted in the
supplementary materials. The best-coated sample ATE7 was selected as 5-AT@ETPE
to study its compatibility with NC and thermal decomposition characteristics.

3.2.1  Thermal decomposition analysis

Figure 5 shows the DSC curves of 5-AT, NC and 5-AT/NC tested under a heating rate
of 10 K/min. It can be seen that 5-AT has a sharp endothermic peak at 209.2 °C. This
is because 5-AT melts at this temperature and simultaneously begins to absorb heat
and decompose to produce products with high enthalpy and volatility. NC has an
exothermic peak at 206.8 °C. The NC/5-AT sample mixed with NC and 5-AT has only
one exothermic peak, and the endothermic peak of 5-AT disappears. When NC
decomposes, 5-AT is affected by the heat released by NC and melts and decomposes
prematurely. The original endothermic peak of 5-AT is covered by the exothermic
peak of NC, and the exothermic peak temperature of NC moves forward, forming a
relatively sharp decomposition exothermic peak at 197.9 °C.

197.9°C

Exo
—

NC/5-AT

Z
o
=
s NC
an!
5-AT
MQ?C
v ) v 1 r | r T v 1
150 175 200 225 250 275

Temperature(°C)

Figure 5. The DSC curve of NC and 5-AT

Figure 6(a) shows the DSC curves of ETPE, ETPE/5-AT, and ETPE/NC. In the DSC
curve of ETPE, there is only one exothermic peak at 256 °C. In the ETPE/5-AT curve,
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the endothermic peak of 5-AT is clearly distinguished from the exothermic peak of
ETPE, and the temperatures of the exothermic peak of ETPE and the exothermic peak
of 5-AT basically remain unchanged. In the curve ETPE/NC, the exothermic peaks of
NC and ETPE are clearly distinguished. The temperature of the exothermic peak of
ETPE is higher than that of the exothermic peak of NC, and ETPE has better thermal
stability than NC. The exothermic peaks of ETPE and NC did not show significant
changes in their respective peak temperatures before mixing. It is indicated that after
ETPE is mixed with 5-AT and NC, the thermal stability remains good. In Figure 6(b),
the peak temperature of the NC/5-AT@ETPE curve is 202.3 °C, which is 4.5 °C lower
than that of the exothermic peak of NC. The exothermic peak shifted backward

compared with NC/5-AT and was more gentle.

— ETPE
—— ETPE/5-AT
—— ETPE/NC

Exo
_IXg,

Heat flow

T T
150 200 250 300

Temperature(°C)

—NC/5-AT
—— NC/5-AT@ETPE

197.9C

Exo
——

Heat flow

£ 202.3C
o\
&

T T
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Figure 6. The DSC curve of ETPE and NC/5-AT@ETPE
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3.2.2  Vacuum stability test

The DSC method measures the complete decomposition process of the system at a
higher temperature, while the VST method determines the partial decomposition
process at a lower temperature. The VST method is closer to the storage temperature
of the system. The dynamic vacuum stability test is not only a characterization of the
thermal compatibility and thermal stability of composite energetic materials, but also
an important assessment of the long-term stability and safety of high-energy materials.
The relationship graphs of gas release and time of NC, 5-AT and NC/5-AT in the
vacuum stability experiment are shown in Figure 7. The relatively fast air release rate
in the initial stage might be due to the fact that the test tube has just been placed in the
heating module, and the heat inside the test tube causes the air pressure to rise.
Subsequently, after the temperature of the test tube stabilized, the gas release rate of

the sample stabilized.

40 ——NC
—5-AT
—NC/5-AT
— ETPE
ETPE/NC
ETPE/5-AT
— NC/5-AT@ETPE

w
(=]

Pressure (kPa)
(3]
o
1

Time (h)

Figure 7. The evolved gases of each sample

The final amount of gas released and the net increase in gas release from the mixture
reaction are shown in Table 2. The exhaust volumes of all individual samples are
relatively small and all show good stability. The net reaction gas release volumes of
ETPE with NC and 5-AT were 0.0446 and 0.02 mL respectively, and the compatibility
evaluation grades were all compatible. It indicates that ETPE can be used as a coating
material to improve the compatibility between 5-AT and NC. The gas release volume



J. Peng, B. Zhang, X. Liu, L. Zhao, C. An, T. Liang 527

of NC/5-AT increased significantly. The increased gas release volume due to the
reaction between NC and 5-AT during the test was 7.352 mL. According to the
STANAG standard, a net increase in gas release volume greater than 5.0 mL was
determined to be incompatible. The discharge volume of NC/5-AT@ETPE was less
than that of NC/5-AT, and the net reaction discharge volume was 4.7426 mL. After
coating, the venting volume of the mixed system of 5-AT and NC decreased by 35%,
indicating that the coating of ETPE effectively improved the compatibility between
NC and 5-AT.

Table 2. The evolved gases and compatibility evaluation of each sample

Sample Gas volume release Net increase [mL]
[mL]

NC 0.2732 -

5-AT 0.0204 -

ETPE 0.1065 -
ETPE/NC 0.4243 0.0446

ETPE/5-AT 0.1469 0.02

NC/5-AT 7.4817 7.3520
NC/5-AT@ETPE 5.0892 4.7426

3.3 Kinetic mechanism analysis of thermal decomposition

The TG-DTG curves of the samples under the four heating rates of 5, 10, 15, and 20
K/min are shown in Figure 8. The DTG curves of all samples shifted backward with
the increase of the heating rate, which, like DSC, was the effect of the temperature
gradient in the equipment.

It can be seen from Figure 8(a) that NC has only one weight loss stage in all
temperature ranges, starting to decompose from around 170 °C, and the mass loss rate
is about 90%. After the addition of 5-AT, NC/5-AT began to lose weight at around
160 °C, and the mass loss rate was about 75%. The decomposition temperature of
NC/5-AT is about 10 °C earlier than that of NC. The peak temperature of NC/5-
AT@ETPE was about 4 °C earlier than that of NC, and the weight loss rate was about
65%. A small amount of ETPE decomposes slowly at around 250 °C, and the weight
loss platform is not obvious.
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Figure 8. The TG-DTG curve of (a)NC, (b)NC/5-AT, and (c)NC/5-AT@ETPE

Figure 9 shows the conversion rates of NC, NC/5-AT and NC/5-AT@ETPE versus
temperature at a heating rate of 10 K/min. After the mixture of NC and 5-AT, the
decomposition temperature of NC decreased by 10-15 °C. When 5-AT@ETPE was
mixed with NC, the decomposition temperature of NC decreased less than that of
NC/5-AT. The reaction rate of 5-AT@ETPE with NC slows down in the early stage,
and the reaction temperature is shifted back in the later stage.

I,()J p—— —
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Figure 9. The curves of conversion against the temperature of NC, NC/5-AT, and
NC/5-AT@ETPE

Based on the TG curves of the samples at four different heating rates measured by TG,
the activation energies of NC, NC/5-AT and NC/5-AT@ETPE were calculated using
FWO and Advanced Vyazovkin methods. The fitting process curves are shown in
Figure 10, and the calculated activation energies are shown in Figure 11. The
activation energy calculated by the two methods has the same changing trend as the
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conversion rate, and the calculated activation energy is very close, confirming the
reliability of the activation energy calculation.
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Figure 10. The fitting graphs of NC, NC/5-AT, and NC/5-AT@ETPE by FWO
method (a) and Advanced-Vyazovkin method (b)

The initial activation energy of NC is 160 kJ/mol, and the activation energy decreases
to 148 kJ/mol as the conversion rate increases. This is due to the autocatalytic
decomposition of NC during the thermal decomposition process [12]. In NC/5-AT, the
initial decomposition activation energy is 150 kJ/mol. In a < 0.2, the activation energy
of NC/5-AT is less than that of NC. When 0.2 <a<0.7, the activation energy
increases slowly. After a > 0.7, the activation energy increased rapidly to 174 kJ/mol
and then decreased to 152 kJ/mol. The decomposition temperature of ETPE in NC/5-
AT@ETPE is relatively high and the content is low, which has little influence on the
thermal analysis of the NC decomposition temperature range. The initial activation
energy of NC/5-AT@ETPE is 153 kJ/mol. With the increase of conversion rate, the
thermal decomposition activation energy of NC/5-AT@ETPE rises to 169 kJ/mol.
Compared with NC/5-AT, the initial activation energy increases and the sudden

increase in activation energy in the later stage is relieved.
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3.4 TG-IR analysis of composites

TG curves and three-dimensional infrared spectra of 5-AT, NC/5-AT and NC/5-
AT@ETPE are shown in the figure. The characteristic absorption peak of 5-AT weight
loss at 200~300 °C and the appearance of a large amount of gaseous products. The
curves of NC/5-AT and NC/5-AT@ETPE in Figure 13 are steeper than those in
Figure 8 because the reaction of the sample in an open alumina crucible is faster and
more thorough than that in the TG test in a sealed aluminum crucible, but the overly
rapid reaction rate is not conducive to accurate calculation of the thermal
decomposition kinetics. The TG curve of NC/5-AT lost 97% at 185 °C. Before
weightlessness, there is a phenomenon of weight gain. This is because the NC/5-AT
sample decomposes rapidly in the open alumina crucible, and the large amount of gas
generated rapidly has an instantaneous downward pushing effect on the weighing
platform of TG, causing the weight to suddenly drop and then rebound. The
decomposition temperature of NC/5-AT@ETPE is higher than NC/5-AT, and it loses
80% at 196 °C, with sudden weight gain disappearing before weight loss. It is
indicated that the coating effect of ETPE slows down the mutually promoting
decomposition effect between 5-AT and NC, and slows down the reaction rate. The
weight loss at 280 °C is the decomposition of ETPE. ETPE decomposes only after the
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thermal decomposition of NC is completed, indicating that ETPE still has relatively
high thermal stability between 5-AT and NC.
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Figure 12. The TG curve and 3D-IR spectra of (a)5-AT, (b)NC/5-AT, and (c)NC/5-
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The IR two-dimensional diagrams of 5-AT and NC/5-AT are shown in Figure 13. In
Figure 13(a) the characteristic absorption peaks at 2200-2000 and 1210-1060 cm ™ are
the stretching vibration peaks of N=N=N, corresponding to the HN3 group. 2340-2050

cm! is the stretching vibration of CN, and 3400-3200 cm™!

is the stretching vibration

of N—H in —NH,, corresponding to NH>CN. The sum of the enthalpy of formation of
HNj; and NH,CN is greater than the enthalpy of formation of 5-AT. In the DSC curve
shown in Figure 5, both the melting peak and the decomposition peak here jointly

present as an endothermic peak. After 243 °C, 1650-1550 cm™! corresponds to the

stretching vibration of -N-H in NH4", and 900-990 cm™' corresponds to the stretching
vibration of N—H in NHs. The products of 5-AT, NH,CN and HN=C=NH, will undergo
addition reactions to generate intermediate products such as melamine, which then

decompose to form NHsz, NH4N3, and N,. N, has not been discovered due to its

structural symmetry. After mixing with NC in Figure 13(b), the temperature at which

the characteristic absorption peaks of the HN; group appear decreases, and the

characteristic absorption peaks corresponding to NH4" and NH; disappear. As the

temperature rises, the signal characteristic peaks corresponding to CO, and HN3, —-CN

gradually weaken and then disappear simultaneously. This is consistent with the

results of other studies [41, 42].
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Combined with the variation trend of activation energy in Figure 11, it can be known
that the initial activation energy of NC/5-AT is lower than that of NC because the heat
released by the initial decomposition of NC and NO, catalyze the decomposition of
5-AT. In the VST test in Figure 6, the increase in the net reaction gas release volume
of NC/5-AT May be due to the gas products released by the cleavage of the tetrazole
ring of 5-AT. The sudden increase in activation energy at the conversion rate o of
about 0.8 is due to the consumption of NO; initially decomposed by NC, the lack of
catalysis of NO;™ for the thermal decomposition of the remaining solid compounds,
and the superposition phenomenon of multiple reactions in the mixed system [21],
which leads to the increase in activation energy. NC and 5-AT show a decomposition
and synergy phenomenon.

The two-dimensional infrared spectrum of NC/5-AT@ETPE is shown in the Figure 14.
At 197.7 °C, the signal characteristic peaks of a large number of gas products appeared.
Among them, the signal characteristic peak of —CN was slightly weaker in intensity
compared with the —CN signal in the NC/5-AT product. With the increase of
temperature, the signal strength of HN3 in NC/5-AT@ETPE increased compared with
that in NC/5-AT, and characteristic peaks of NH4" and NH; appeared.
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Figure 14. The 2D-IR spectra of NC/5-AT@ETPE

Combined with the activation energy shown in the Figure 11, the initial activation
energy of NC/5-AT@ETPE increases and the phenomenon of sudden activation
energy increase decreases. It is indicated that the coating layer of ETPE on the surface
of 5-AT weakens the interaction between 5-AT and NC to a certain extent.

4 Conclusions

¢ A relatively complete ETPE coating layer was successfully formed on the 5-AT
surface. The results of DSC and VST tests indicated that the temperature difference
after mixing with NC decreased from 8.9 to 4.5 °C, and the net increase in the
reaction gas release volume decreased from 7.32 to 4.74 mL. It is indicated that
the ETPE coating layer effectively weakens the mutually promoting
decomposition effect between NC and 5-AT. ETPE as a separation layer between
5-AT and NC, reduces the difference in the initial decomposition activation energy
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between the NC/5-AT mixture and NC. The phenomenon of a sudden increase in
the activation energy of NC/5-AT weakens, and the overall activation energy
increases. The characteristic products (NH4+" and NH3) of 5-AT appeared. 5-AT
carried out the original thermal decomposition process.

¢ Solving the incompatibility problem between nitrogen-rich compounds and other
energetic materials can greatly enhance the safety of composite energetic materials
and broaden the practicality of nitrogen-rich compounds. In the future, by adopting
more advanced coating technologies, efficient coating of ETPE can be achieved.
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