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Abstract: The thermal decomposition kinetics of 1-amino-1,2,3-triazolium
nitrate (ATZ-NO;) was investigated by non-isothermal TG-DTG at various
heating rates (2, 5, 10, 15, and 20 °C-min™!). The results showed that the thermal
decomposition of ATZ-NO; consists of two mass-loss stages. The first mass-loss
stage corresponds to the loss of nitrate anion and the substituent group, while
the second stage corresponds to the splitting of the triazole ring. The kinetic
triplets of the two stages were described by a three-step method. Firstly, the
Kissinger and Ozawa methods were used to calculate the apparent activation
energies (£) and pre-exponential factors (4) of the two decomposition stages.
Secondly, two calculation methods (the Satava-Sestak and Achar methods) were
used to obtain several probable decomposition mechanism functions. Thirdly,
three assessment methods (the Satava, double-extrapolation, and the Popescu
methods) were used to confirm the most probable decomposition mechanism
functions. The reaction models for both stages are random-into-nuclear and
random-growth mechanisms, with n = 3/2 for the first stage and n =1/3, m =3

for the second stage. The kinetic equations for the two decomposition stages of
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ATZ-NO; may be expressed as %:10”“&6 RT (l—a)[—ln(l—a)] 2 and
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da _ 10" xe 7 (1-a) [— In(1- a)]3. Mathematical expressions for the kinetic

dt

compensation effect were derived.
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non-isothermal kinetics, compensating effect



100 X.-J. Du, M.-S. Zou, X.-D. Li, R.-J. Yang

1 Introduction

Energetic materials are controllable storage systems for relatively large amounts
of chemical energy. These materials have extensive military and industrial
applications. In the last decade, a unique class of highly energetic compounds,
composed of nitrogen-containing heterocyclic anions and/or cations, was
developed to meet the continuing need for improved energetic materials [1-4].
Compared with their atomically similar non-ionic analogues, salt-based molecules
display attractive energetic properties because of the distinctive properties of
ionic compounds, such as low vapour pressures, high densities, and enhanced
thermal stabilities [5-12].

Numerous studies have reported the synthesis and characterisation of
energetic nitrogen-rich salts [5-14]. However, research on the fundamental
thermodynamics of these compounds is limited. 1-Amino-1,2,3-triazolium
nitrate (ATZ-NOs), which can be prepared by treating 1-amino-1,2,3-triazole
with nitric acid, is a typical energetic, nitrogen-rich salt. ATZ-NO; has the
following excellent properties: calculated density, 1.64 g-cm™; measured density,
1.75 g-em; CO oxygen balance, -16; nitrogen content, 47.6%; molar enthalpy of
salt formation, 119.3 kJ-mol!; detonation velocity, 8366 m-s™!; impact sensitivity,
21.5J[12]. Thus, ATZ-NOs has many potential applications, particularly in the
military field.

The purpose of the present work was to obtain valuable kinetic data on the
decomposition reaction of ATZ-NO; for future applications. What is perhaps
more important is that the methods used in this work proved to be efficient for
obtaining kinetic parameters, especially for determining the sole mechanism
function of thermal decomposition. In this paper, the thermal decomposition
process of ATZ-NOj; was investigated by dynamic TG-DTG under a nitrogen (N,)
atmosphere at different heating rates. The kinetic parameters were obtained by
model-free and model-fitting methods. The possible decomposition mechanisms
are also discussed and compared.

2 Experimental

2.1 Sample

ATZ-NO; was prepared by the Beijing Institute of Technology, China. The
structure was characterised by single-crystal X-ray diffraction, IR spectroscopy,
and multinuclear ("H and '*C) NMR spectroscopy. The sample purity was higher
than mass fraction 0.995. The structure of ATZ-NOj; is shown in Scheme 1.
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ATZ-NO; was further purified by evacuating the sample at around 40 °C for
approximately 5 h. This procedure removed any volatile chemicals and water
from the triazole ionic salt.

N NH
+
HNZ N7
v/ NO,
HC=CH

Scheme 1. The structure of ATZ-NOs.

2.2 Experimental equipment and conditions

The thermal decomposition of the title compound was investigated using
a thermogravimetric analyser (Netzsch 209 F1) under a nitrogen atmosphere at
a flow rate of 60 mL-min"'. The amount of sample used was about 1.0 mg. The
heating rates used were 2, 5, 10, 15, and 20 °C-min™! from 40 to 300 °C. The
TG-DTG data was analysed using Proteus Analysis software.

3 Theoretical

3.1 Calculation of kinetic parameters (E, A and mechanism function)

The kinetic triplets (£, 4 and mechanism function) for the thermal decomposition
reaction of ATZ-NO; were obtained using the Kissinger method, the Ozawa
method, the Satava-Sestak method and the Achar method, using data from the
TG-DTG curves [15-20]. All of the calculation methods used in this study are
summarised in Table 1. The 40 common forms of kinetic model functions applied
in this study came from reference [15].

Table 1.  Calculation methods used in this study

Method Expression Plot Hizzleng Type |Function
B AR E 1 In(B/T,?) vs
issi In| = |=In—-—— p e i i i
Kissinger [ 2 E RT, T, multiple |differential| free

AE ]| E ;
lgf=1lg| ——— |-2.315-0.4567— multiple |
Ozawa |lgf=Ig [ RG(a) | RT gB vs. 1/T single integral free

Satava- AE E . .
9 lgG(a) =1g——-2.315-0.4567—
Sestak gG(a)=1g RB RT InG(a) vs. 1/T | single integral G(a)

da
d7 A E
Achar fd(Z) = IHE—E ln[(d‘i/dIT/’)}f(a)] single |differential| f{a)

G(a) and f{a) are the integral and differential kinetic mechanism functions, respectively.
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3.2 Determination of the most probable decomposition mechanism
function
Aside from the calculation method, three assessment methods (gatava, double-
extrapolation and Popescu methods) were used to determine the most probable
kinetic mechanism function from the several probable kinetic mechanism
functions determined by the calculation method.
The Satava equation is expressed as [21]:

lgG(a)oc% (1)

If G(a) is the most probable kinetic mechanism function, 1gG(a) and 1/T
would have an optimal linear relationship. In other words, the most probable
kinetic mechanism function can be confirmed by comparing the correlation
coefficient (r) of the 1gG(a) vs. 1/T curve.

The double-extrapolation equation is expressed as [22-23]:

AE E
lg B=1 —-2.315-0.4567— 2
ep g[RG(a)} RT 2)
E=a +ba+ca+dad+ead, E,o=a 3)
AE E
leG(a)=1g—-2.315-0.4567—
gG(a) gRﬂ RT 4)
E=a2+b2ﬁ+62ﬁ2+dzﬂ3+€2ﬁ4,E/3—>0:az ®)

where a; and b; (i = 1, 2, 3 and 4) are constant coefficients. The £ values at
different conversions (a) calculated by Eq. (2) are substituted into Eq. (3) to
calculate £,. Similarly, the £ values at different heating rates () calculated
by Eq. (4) are substituted into Eq. (5) to calculate Ep_. If Ep_ is equal or
close to E,_, the G(a) used in Eq. (4) should be the most probable kinetic
mechanism function.

The Popescu equation is expressed as [24, 25]:

Gl = [ = [ kAT =1, ©
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G(a),, oc%lmm %)

Within a reasonable range, /(7). is a constant. Thus, the intercept of
the G(a)mn vs. I(T)mn curve is zero, theoretically. The most probable kinetic
mechanism function can be confirmed by comparing the intercept and » for
different G(@)mn vs. I(T)mn curves.

4 Results and Discussion

4.1 Thermal analysis

The TG-DTG curves of ATZ-NO;s at different heating rates under a N, atmosphere
are shown in Figure 1. Two mass-loss stages are observed in Figure 1, which
indicates that the thermal decomposition of ATZ-NO; consists of two stages. The
first mass-loss stage corresponds to the loss of nitrate anion and the substituent
group, while the second stage corresponds to the splitting of the triazole ring.

The characteristic temperatures and mass losses in the TG-DTG curves are
listed in Table 2. Table 2 shows that at 2 °C-min’! the thermal decomposition
process started at 99.3 °C and was almost complete at approximately 186.8 °C;
the total mass loss was 93.47%. At higher temperatures, a slight mass loss caused
by the thermal decomposition reaction was observed. At higher heating rates, the
initial temperature of the TG curve (77), the peak temperature of the DTG curve
(7}), and the final temperature of the TG curve (77) for the first decomposition
stage shifted from 99.3, 135 and 161.4 °C at 2 °C'min’! to 128.9, 162.6 and
194.6 °C at 20 °C-min’!, respectively. For the second stage, T}, T, and 7 shifted
from 161.4, 175 and 186.8 °C to 194.6, 211.5 and 222 °C, respectively. This
behaviour can be attributed to heat-transfer problems between the sample and
the instrument [26].

With continuously increased heating rate, the total mass loss during the
thermal decomposition slightly increased and approached a constant value. These
values were approximately 93.47 wt%, and 87.21 wt% at 2 and 20 °C-min’,
respectively. A similar result was reported by Xue et al. [14] for 1,2,3-triazole
nitrate. However, the variation trends of mass loss differed in different
decomposition stages. In the first stage, the mass-loss value decreased with
increased heating rate; the opposite was observed in the second stage.
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Figure 1. TG-DTG curves for (ATZ)(NOs;) at different heating rates:
[1]2 °C'min™, [2] 5 °C'min’!, [3] 10 °C-min™!, [4] 15 °C-min™! and
[5]20 °C-min’’.
Table 2.  Characteristic temperatures and mass losses in TG-DTG curves
First stage Second stage Total
b/ Mass Mass | Mass
Ot erin-1 1 /0 o o 1 /O [} o
Cmin' | 7/°C | T,/°C | Ty/°C 10ss/% Ti/°C | T,/°C | Ty°C 10ss/% | Toss/%
2 99.3 | 135 |161.4| 75.25 |161.4| 175 [186.8| 18.22 | 93.47
5 112 [144.2(178.7]| 66.77 |178.7] 194 |198.5]| 24.25 | 91.02
10 117.8[151.2]186.3| 67.31 |186.3[200.4[207.9| 24.11 | 91.42
15 126.81158.2]193.6| 61.35 |193.6|208.3|215.7| 26.8 | 88.15
20 128.9]162.61194.6| 61.11 |194.6|211.5| 222 | 26.1 | 87.21

Ti, Tt: initial and final temperatures in TG curve; 7;,: peak temperature in DTG curve.

4.2 Calculation of apparent activation energy (E) and pre-exponential

factor (A4)
The basic data in Table 2 was introduced into the Kissinger and Ozawa equations
to obtain the kinetic parameters (£ and A) for the thermal decomposition of
ATZ-NO;. These are listed in Table 3.

Table 3.  Kinetic parameters calculated using the Kissinger and Ozawa methods
First stage Second stage
Method E/ E/
kJ-mol! lgd r d kJ-mol"! lgd r d
Kissinger| 116.55 [12.40]-0.9943]0.1077 | 106.18 | 9.66 |-0.9873|0.1587
Ozawa | 117.50 -0.9950(0.0466 | 108.33 -0.9888(0.0692

r: correlation coefficient; d: standard deviation.
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Table 3 shows that the E value calculated using the Kissinger method is
116.55 kJ-mol™! in the first decomposition stage and 106.18 kJ-mol™! in the second
stage. The corresponding £ values obtained using the Ozawa method are 117.50
and 108.33 kJ-mol!, respectively. The E values obtained using the Kissinger
and Ozawa methods are nearly equal indicating that these values can be used as
references to determine the probable kinetic mechanism function. The £ value
obtained from the Ozawa method is slightly higher than that from the Kissinger
method. This result is consistent with the conclusion reported by Starink [27].
In his study, both methods follow the equation:

In s = —A£ +C (8)
T kT
where s is a constant and 4 is a constant that depends on s. Using the Kissinger
method, s =2 and 4 = 1; using the Ozawa method, s = 0 and 4 = 1.0518. The
result from the Kissinger method is slightly more accurate than that from the
Ozawa method as determined by the s value.

4.3 Estimation of the decomposition mechanism function

The original data from the TG-DTG curves and the 40 types of kinetic mechanism
functions [15] were substituted into the Satava-Sestak and Achar equations for
calculation. E,1g4 or In4, the linear correlation coefficients (r), and the standard
deviation (d) were calculated by the linear least-squares method. The probable
kinetic mechanism functions were determined by comparison of £, 1g4 or In4,
r,and d (E = 80-250 kJ-mol", | (Ex-E)/E| <0.1,1g4=7-30s", | r| >0.98 and
d < 0.3 [15]), according to which possessed the higher correlation coefficient
and were close to those obtained using the Kissinger and Ozawa methods. The
kinetic parameters, together with » and d, obtained using the Satava-Sestak and
Achar methods are given in Tables 4 and 5, respectively.
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Table 4.  Kinetic parameters calculated using the Satava-Sestdk method at
a heating rate of 10 °C-min’!

First stage Second stage
Fun- Fun-
: E/ . E/
ction 4 ¢ g4 r d |ction 1 mol g4 r d
No. No.

1 1109.92 110.82]-0.9749|0.2005| 3 |162.21 [15.80-0.9876|0.0525
2 | 133.17]13.62]-0.9907|0.1350| 5 | 178.08 [17.54]-0.9937]0.0410
4 ]135.85]13.70]-0.9935/0.1241| 10 | 106.20 | 9.75 |-0.9963|0.0184
7 | 131.10]12.71]-0.9907{0.1439| 11 | 141.60 |13.73|-0.9963|0.0245
17 | 125.28 [13.31]-0.9994]0.0315| 12 | 169.92 |16.93 |-0.9963]| 0.0295
27 1109.92 [10.82-0.9749]0.2005| 24 | 131.53 |12.41]-0.9633]|0.0745
37 | 117.40 [12.68]-0.9936]0.0987| 34 | 162.32 |15.89/-0.8810/0.1771
35 | 137.89|13.17|-0.8526|0.1717

r: correlation coefficient; d: standard deviation.

Table 5.  Kinetic parameters calculated using the Achar method at a heating
rate of 10 °C-min’!

First stage Second stage
Fun- Fun-
. E/ . E/
ction K mol lgA4 r d |ction KJ-mol-! lg4 r d
No. No.

1 64.46 | 5.10 |-0.8358|0.7398| 3 | 52.37 | 3.65 |-0.5798|0.2573
2 1104.29 | 9.98 |-0.9552/0.5217| 5 |104.84 | 9.44 |-0.9136|0.1632
4 1120.73 | 11.83]-0.9792/0.4035| 10 | 105.65 | 9.64 |-0.9969]|0.0294
7 1114.92 110.72|-0.9722|0.4464 | 11 | 138.90 |13.43-0.9979/0.0316
17 | 120.25[12.69-0.9985/0.1059| 12 | 165.50 |16.44|-0.9983|0.0338
27 | 64.46 | 5.10 |-0.8358]0.7398
37 1136.21 |15.05-0.9875/0.3510

r: correlation coefficient; d: standard deviation.

From Tables 4 and 5, functions 4, 17, and 37 were preliminarily selected
as probable kinetic mechanisms for the first decomposition stage of ATZ-NOs,
whereas functions 3, 5, 10, 11, and 12 appeared to be probable ones for the
second stage.
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Table 6.  The averages of the kinetic parameters calculated using the Satava-

Sestak method
(a) First stage
p Parameter 2. 5. 10. 15. 20. Average
No. °C-min! | °C'min™! | °C'min™! | °C'min’! | °C-min"!

E/kJ-mol"! | 136.91 | 133.43 | 135.85 | 138.72 | 142.15 | 137.41

4 lgA 14.03 | 13.39 | 13.70 | 1396 | 1441 13.90
r -0.9930 | -0.9887 | -0.9935 | -0.9896 | -0.9939 | -0.9917

d 0.1366 [0.16280| 0.1241 | 0.1523 | 0.1173 | 0.1386
E/kJ-mol" | 130.05 | 125.69 | 125.28 | 131.20 | 132.62 | 128.97

17 lg4 14.09 | 13.35 | 13.31 13.97 | 14.17 | 13.78
r -0.9998 | -0.9981 | -0.9994 | -0.9985 | -0.9997 | -0.9991

d 0.0197 | 0.0592 | 0.0315 | 0.0514 | 0.0209 | 0.0365
E/kJ-mol! | 136.17 | 122.72 | 117.40 | 128.62 | 130.35 | 127.05

37 lgA 1536 | 1335 | 12.68 | 14.04 | 14.15 | 13.92
r -0.97551-0.9947 | -0.9936 | -0.9944 | -0.9893 | -0.9895

d 0.2479 | 0.0962 |0.09870| 0.0969 | 0.1343 | 0.1348

(b) Second stage
p Parameter 2. 5. 10. 15. 20. Average
No. °C-min! | °C'min™! | °C'min™! | °C'min™! | °C-min"!

E/kJ-mol! | 85.62 | 170.04 | 162.21 | 169.26 | 124.14 | 142.25

3 lgA 7.07 16.72 | 15.80 | 16.46 | 11.47 | 13.50
r -0.9891 | -0.9989 | -0.9876 | -0.9941 | -0.9911 | -0.9922

d 0.0287 | 0.0136 | 0.0525 | 0.0345 | 0.0361 | 0.0331
E/kJ-mol! | 98.61 | 186.83 | 178.08 | 184.72 | 136.30 | 156.91

5 lgA 8.54 18.61 17.54 | 18.13 | 12.75 | 15.11
r -0.9955 [ -0.9955 | -0.9937 | -0.9979 | -0.9961 | -0.9957

d 0.0211 | 0.0311 | 0.0410 | 0.0222 | 0.0263 | 0.0283
E/kJ-mol! | 61.52 | 91.67 | 106.20 | 102.41 | 78.31 | 88.02

10 lgA 4.50 7.97 9.75 9.29 6.72 7.65
r -0.9985 | -0.9973 | -0.9963 | -0.9996 | -0.9991 | -0.9982

d 0.0073 | 0.0101 | 0.0184 | 0.0048 | 0.0068 | 0.0095
E/kJ-mol! | 82.03 | 122.23 | 141.60 | 136.55 | 104.42 | 117.37

1 lgA 6.88 11.44 | 13.73 | 13.06 9.55 10.93
r -0.9985 | -0.9973 | -0.9963 | -0.9996 | -0.9991 | -0.9982

d 0.0097 | 0.0135 | 0.0246 | 0.0064 | 0.0091 | 0.0127
E/kI-mol! | 98.44 | 146.67 | 169.92 | 163.86 | 125.30 | 140.84

12 lgA 8.81 14.23 | 16.93 16.09 | 11.84 | 13.58
r -0.9985 | -0.9973 | -0.9963 | -0.9996 | -0.9991 | -0.9982

d 0.0116 | 0.0162 | 0.0295 | 0.0077 | 0.0110 | 0.0152

r: correlation coefficient; d: standard deviation.
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The averages of E, 1gA4, r, and d obtained from the Satava-Sestak method,
based on TG-DTG curves at different heating rates, are summarised in Table 6.
For the first stage, function 17 seems to be more suitable than functions 4 and
37; for the second stage, function 11 appears to be more suitable. To confirm
the most probable kinetic mechanism function, three assessment methods were
used to compare the aforementioned probable ones.

(1) Comparison with the Satava method

The Satava method was applied to the TG-DTG data at a heating rate of
10 °C'min™! (Table 7). For the first decomposition stage, the linear relationship
obtained from functions 17 and 37 is more suitable than that from function 4.
On the other hand, for the second stage the linear relationship obtained from
all probable functions is acceptable. Therefore, the determination of the most
probable kinetic mechanism function appears to be difficult using only the linear
relationship between Ig[G(a)] and 1/T.

Table 7.  Linear relationship between 1g[G(a)] and 1/T determined from the
Satava method

First stage Second stage
Function No. r d | Function No. r d
4 -0.99350.1241 3 -0.9876 | 0.0525
17 -0.999410.0315 5 -0.9937[0.0410
37 -0.9936 | 0.0987 10 -0.99630.0184
11 -0.9963 | 0.0246
12 -0.996310.0295

r: correlation coefficient; d: standard deviation.

(2) Comparison with double-extrapolation method

The double-extrapolation method was applied to the TG-DTG data at
a heating rate of 10 °C-min’' (Table 8). For the first decomposition stage, the Ej o
values of functions 17 and 37 are 126.09 and 127.45 kJ-mol"!, respectively, both
of which are close to the E, ., (100.87 kJ-mol™") extrapolated from the Ozawa
method. For the second stage, the Ej_, value of function 11 (96.57 kJ-mol)
is closest to £, (95.34 kJ-mol!). For the first stage, the determination of the
probable kinetic mechanism function appears to be difficult using only the result
from the double-extrapolation method, particularly for functions 17 and 37.
However, for the second stage, the result from the double-extrapolation method
is consistent with that obtained from the averages of £ and Ig4, i.e. function 11
is the most probable kinetic mechanism function.
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Table 8.  The double-extrapolation method applied to the thermal decompo-
sition of ATZ-NO;
(a) First stage

p Parameter 2 . > . 1 0. ! 5. 20. 0 .

°C'min’! | °C-min™' | °C-min"' | °C'min™' | °C-min’' | °C-min"'
4 | E/kJ-mol! | 137.27 | 133.37 | 135.82 | 138.69 | 142.27 | 133.77
17 | E/kJ-mol! | 130.10 | 125.29 | 124.77 | 130.85 | 132.30 | 126.09
37 | E/KJ-mol! | 136.53 | 122.16 | 116.49 | 128.13 | 129.92 | 127.45

(b) Second stage
p Parameter 2 . > . 10. 15. 20. 0 .
°C'min”!' |°C'min’' | °C-min' | °C-min"' | °C-min’! | °C-min!
3 E/kJ-mol! | 82.55 | 171.11 | 162.74 | 170.03 | 122.51 | 128.34
5 E/kJ-mol! | 96.22 | 188.77 | 179.42 | 186.28 | 135.30 | 144.69
10 | E/kJ'mol!' | 57.23 | 88.73 | 103.85 | 99.75 | 74.34 | 76.43
11 | E/kJ-mol! | 78.79 | 120.86 | 141.07 | 135.65 | 101.79 | 104.40
12 | E/kI'mol! | 96.05 | 146.57 | 170.86 | 164.37 | 123.75 | 126.78

(3) Comparison with the Popescu method

The Popescu method was used to calculate the correlation coefficient (r)
for the kinetic mechanism functions using the data of conversion degrees du, ax,
as well as the corresponding temperatures 7}, and 75,. The mechanism function
determined by the Popescu method depends on the correlation coefficient (7).
Sometimes the » values are very close. The results from the Popescu method
are shown in Table 9.

Table 9(a) shows that the curve from function 17 has a higher linearity
correlation than that from function 37, with the intercept closer to zero. The
curve from function 4 appears to have a higher linearity correlation than that
from function 17, but it has been excluded by the aforementioned methods.
Thus, function 17 is the most probable mechanism function for the first thermal
decomposition stage of ATZ-NO;. In Table 9(b), all | r | values are lower than
0.98. Thus, it seems difficult to determine the best decomposition function for
the second stage using only the Popescu method. The error may arise from the
data, the method, the calculation process, or some other source.
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Table 9.  Application of the Popescu method to the thermal decomposition
of ATZ-NO; at a heating rate of 10 °C-min’!

(a) First stage
Function | 7w =140 °C, T, =160 °C | T\, =140 °C, T, = 150 °C
No. |Intercept| r d Intercept| r d

4 0.0369 [0.9966| 0.0199 | -0.0013 [0.9990|0.0049
17 -0.7991 10.9873| 0.6250 | -0.1210 [0.9971|0.0731
37 -19.772510.9586 | 14.3539| -0.9116 ] 0.9808|0.6307

(b) Second stage

Function | 7n =195 °C, T, = 198 °C
No. |Intercept| r d

3 -0.0031 1 0.9343]0.0417

5 -0.0005 1 0.9692|0.0278

10 0.0633 [0.8552]0.0697

11 -0.0046 [0.9295|0.0823

12 -0.0777 10.952710.0943

d: standard deviation.

By analysing and comparing the results from the averages and three
assessment methods, functions 17 and 11 are determined as the decomposition
mechanism functions for the two decomposition stages of ATZ-NO;, respectively.
The physical meaning of both mechanism functions are random-into-nuclear
and random-growth models (n = 3/2 for the first stage; n = 1/3 and m = 3 for
the second stage). The derivation process of the Satava-Sestak method is more
accurate than that of any other method used in this paper [5-8]. Thus, the kinetic
equations for the thermal decomposition of ATZ-NOs; can be expressed as

da 7128970 ’l
E:mls.mxe RT (1—a)[—111(1_a)] ?
and

_117370 2
%:1011.40 xe AT (1—61)[—111(1_61)]g

The physical meaning of the random-into-nuclear and random-growth model
is that the initial reaction occurs in crystal lattice defects and these decomposition
products are gathered into a new phase of nucleation, then molecules surrounding
the new nucleation continue to occur as an interfacial reaction on the new
nucleation, next the disappearance of the old phase and the growth of the
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new phase continues until completion of the entire phase decomposition. For
ATZ-NOs, the two thermal decomposition stages both belong to this model and
the new phase generated in the first decomposition stage is simply the old phase
for the second decomposition stage. The difference between the two stages is
the new phase nucleation rate and growth rate, and so on.

5 Kinetic Compensation Effect

The kinetic parameters (£ and 1g4) obtained from the different methods were
fitted using the linear least-squares method according to the mathematical
expression for the kinetic compensation effect, 1g4 = aE+b [28]. The a and b
values obtained are listed in Table 10.

Table 10. Kinetic compensation effect for the thermal decomposition of

ATZ-NO;
= | Coats-Redfern | Satava-Sestak .
§° % g method method Achar method | Compensation effect
x| 55| E E/ E/
= [molt | # | kymolt | ¥ | kymolt | 184 “ b "
1] 17 | 124,77 |13.23] 125.28 |13.31| 120.25 [12.69]0.1213 |-1.8946|0.9998
2| 11 | 141.07 |[13.66| 141.60 |13.73] 138.90 |13.43|0.1149|-2.5426|0.9999

The mathematical expressions of the kinetic compensation effect for
the two decomposition stages of ATZ-NO; are Ig 4 = 0.1213E — 1.8946 and
lg A =0.1149E — 2.5426.

Hu et al. [15] determined the empirical equation of the kinetic compensation
effect for the furazan explosive as g 4 = 0.1210E — 3.0739 and » = 0.9702. In
the present paper, the substitution of the £ and lg4 values obtained into the
empirical equation yielded two new equations.

For the first thermal decomposition stage, the expression is:

lg4=0.1181F — 2.3501.

For the second thermal decomposition stage, the expression is:

lg4=0.1213E - 3.1354.

The r values for the two thermal decomposition stages are 0.9734 and 0.9768,
respectively. The two values are both larger than the » value (0.9702) obtained
by Hu et al. [15]. The higher linear correlation is due to the similar molecular
structures of ATZ-NO; and furazan.
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6 Conclusions

(1) The decomposition process of ATZ-NOs consists of two mass-loss stages.
At a heating rate of 2 °C-min’!, two mass-loss stages appeared in the TG-DTG
curve within the ranges 99.3-161.4 °C and 161.4-186.8 °C, respectively. With
an increase in heating rate, the characteristic temperatures of the TG-DTG curves
shifted to higher temperatures.

(2) The thermal decomposition kinetic parameters of ATZ-NO; obtained
from the different calculation methods are relatively consistent with one another.
The E and 1g4 values for the first decomposition stage are £ = 128.97 kJ-mol’!
and 1g4 = 13.78 s'; those for the second stage are £ = 117.37 kJ-mol™! and
lgd = 10.93 s!, respectively. The most probable decomposition mechanism
functions are functions 17 and 11 respectively, which are both random-into-
nuclear and random-growth models (n = 3/2 for the first stage and n = 1/3, m =3
for the second stage). The kinetic equations for the two thermal decomposition
stages of ATZ-NOs; can be expressed respectively as:

da 128970 1
Ele”'”xe RT (l—a)[—ln(l—a)} 2
and

da _117370 2
E=10”-“°xe i (1-a)[~In(1-a) |*

(3) The mathematical expressions of the kinetic compensation effect can be
expressed as lg 4 =0.1213F — 1.8946 and Ig 4 = 0.1149F — 2.5426.
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