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transformation and step-by-step
thermal decomposition behavior of
dihydroxylammonium 5,50-bistetrazole-1,10-
diolate†

Jianhui Jia,ab Yu Liu,b Shiliang Huang,b Jinjiang Xu, *b Shichun Li,b Haobin Zhangb

and Xiong Cao*a

The crystal structure transformation and step-by-step thermal decomposition behavior of

dihydroxylammonium 5,50-bistetrazole-1,10-diolate (TKX-50) under thermal stimulation were studied and

the whole process included thermal expansion, primary decomposition and secondary decomposition.

The thermal expansion and primary decomposition of TKX-50 were studied using in situ powder X-ray

diffraction (in situ XRD) together with Rietveld refinement, by which the crystal structure transformation

process can be accurately traced. The results showed that the thermal expansion of TKX-50 was

anisotropic. In particular, the a-axis exhibited a negative thermal expansion (NTE) that may be attributed

to the distortion of the six-membered ring, which results in H-transfer between the cation and dianion.

The crystal structure of the intermediate product after primary decomposition was also obtained. The

secondary decomposition process was analysed using thermogravimetric-differential scanning

calorimetry (TG-DSC) due to the safety risk of TKX-50 analyzed by in situ XRD. The crystal structure

transformation process from TKX-50 to the intermediate product under heat stimulation was deduced.

Meanwhile, the morphological change of the whole process was obtained using hot stage microscopy

(HSM). Combined with TG-FTIR technology, the gaseous decomposition products at each step were

analysed and the thermal decomposition mechanism of TKX-50 was proposed. This study further reveals

the thermal decomposition behavior of TKX-50 and is helpful for better understanding the thermal

decomposition mechanism.
1. Introduction

The synthesis of high performance energetic materials with low
sensitivity has become a long-term target for military and
civilian applications. Compared with traditional CHON explo-
sives, research of energetic ionic salts has shown major devel-
opments and energetic ionic salts have attracted wide attention
due to their considerable properties.1–17 For example, energetic
ionic salts have a higher positive enthalpy of formation due to
the large number of N–N and N–C bonds, lower friction and
impact sensitivity and better oxygen balance. Moreover, ener-
getic ionic salts are environmental friendly due to the fact that
the main decomposition gas is N2. As a typical energetic ionic
salt, TKX-50 has attracted considerable attention. First of all,
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TKX-50 is more insensitive. For example, the friction sensitivity
(120 N) of TKX-50 is lower than that of b-HMX (112 N) and 3-CL-
20 (48 N), and the impact sensitivity (20 J) of TKX-50 is also
lower than that of TNT (15 J), RDX (7.5 J), b-HMX (7 J) and 3-CL-
20 (4 J). At 298 K, the crystal density of TKX-50 is close to that of
b-HMX. The calculated detonation velocity of TKX-50 is
9698 m s�1 and the estimated detonation velocity is 9560 �
280 m s�1 in the new study, which is higher than that of TNT
(7459 m s�1), RDX (8983 m s�1), b-HMX (9221 m s�1) and 3-CL-
20 (9455 m s�1).18,19

Based on the excellent performance of TKX-50, a lot of
research has been carried out. In particular, explosives and their
components oen need to be stored for quite a long time before
use and the thermal decomposition reactions and the decom-
position mechanism of explosives are very important to their
stability. Fischer20 rstly studied the thermal behavior of TKX-
50 using differential scanning calorimetry (DSC) and thermog-
ravimetric analysis (TGA). It was found that the thermal
decomposition process includes two stages and the rst stage
starts at 210–250 �C depending on the heating rate. The
decomposition kinetic parameters of TKX-50 have been
RSC Adv., 2017, 7, 49105–49113 | 49105
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calculated mainly using Kissinger and Ozawa’s method and the
results were in different ranges depending on the test condi-
tion.21–23,29 The structural stability and chemical stability of TKX-
50 under high pressure and high temperature were discussed
based on Raman spectroscopy results and the intermediates at
high pressure were attributed to a suppression of H-transfer.24

The structural response of TKX-50 under high pressure was
studied and the experimental results showed that TKX-50
exhibits a highly anisotropic compression, with an anomalous
compression of the a-axis, which was explained by the hydrogen
bonds.25

Regarding the primary thermal decomposition mechanism,
Qi An found that proton transfer from the cation to the dianion
decreases the reaction barrier and initiates decomposition.26

Liya Meng studied the inuences of strong hydrogen bonds on
the stability of TKX-50 and found that strong hydrogen bonds
easily promote H-transfer, which accelerates thermal decom-
position.27 Sinditskii further investigated the thermal decom-
position under non- and isothermal conditions, proposed the
thermal decomposition mechanism of TKX-50 and found that
the free hydroxylamine formed in the dissociation reaction
determines the decomposition of TKX-50. What’s more, he
inferred that diammonium 5,50-bistetrazole-1,10-diolate
(ABTOX) is an intermediate decomposition product based only
on Fourier transform infrared spectroscopy (FTIR).28 Recently,
Muravyev considered that the decomposition of bistetrazole
diol (BTO) is the key process in the thermal decomposition of
TKX-50, also proposed the thermal decomposition mechanism
based on TGA and DSC and directly identied ABTOX to be the
most important intermediate of the decomposition process.
The authors found no trace of H2O in the rst stage of TKX-50
decomposition.29 Zhipeng Lu found that a phase transition
facilitates H-transfer and produces nal small stable molecules
including NH3 and H2O based on Raman spectroscopy,
thermogravimetric-differential scanning calorimetry (TG-DSC)
and ab initio calculations. In other words, the phase transition
promotes the decomposition of TKX-50.30 However, accurate
crystal structure information has not been obtained due to the
limited temporal–spatial resolution of existing analytical
methods and so further research is needed to observe the
evolution process of related structures in situ.

Although the thermal decomposition behavior of TKX-50 has
received extensive attention, the crystal structure trans-
formation behavior has received less consideration. In partic-
ular, the behavior of the crystal structure from thermal
expansion to thermal decomposition has not been studied, and
the process of TKX-50 decomposition has mostly been studied
using DSC, which analyses structural changes indirectly
through thermal variation. However, on the DSC curve the
partial heats of the exothermic process of the two-step decom-
position overlap and it is difficult to distinguish the accurate
thermal decomposition temperature of TKX-50. Additionally,
the crystal structure change cannot be obtained using DSC. In
particular, the crystal structure transformations from thermal
expansion to primary decomposition to secondary decomposi-
tion are difficult to obtain by conventional DSC techniques. On
the basis of previous work, in this paper, we have studied the
49106 | RSC Adv., 2017, 7, 49105–49113
thermal expansion behavior of TKX-50 using in situ XRD. It was
found that anisotropic thermal expansion was the main process
below 175 �C, leading to a change of intermolecular force and
the expansion and ipping of somemolecules. In particular, the
expansion along the a-axis is a negative thermal expansion,
which results in a shorter distance between the cation and
dianion, thus inducing hydrogen transfer. With the increasing
temperature, primary decomposition occurred and was also
observed dynamically using in situ XRD, and the intermediate
product was formed and conrmed as ABTOX by single crystal
X-ray diffraction, which was consistent with the conclusion of
the literature.28,29 Additionally, the crystal morphology change
due to the anisotropy during the thermal expansion of TKX-50
and the process from thermal expansion to primary decompo-
sition were observed using hot stage microscopy (HSM). The
secondary decomposition process was analysed using TG-DSC
due to the safety risk of the in situ XRD. The secondary
decomposition occurred at around 280 �C. In addition,
thermogravimetric-Fourier transform infrared spectroscopy
(TG-FTIR) was applied to analyse the thermal decomposition
gas products for each decomposition process. The thermal
decomposition mechanism of TKX-50 was proposed and the
related results further deepen the understanding of the rela-
tionship between the thermal stability and crystal structure of
TKX-50.
2. Experimental
2.1 Materials and instrumentation

TKX-50 was provided by the Institute of Chemical Materials,
China Academy of Engineering Physics and recrystallized by
slow evaporation in water.

The powder X-Ray diffraction (PXRD) data were collected
using a Bruker D8 Advance diffractometer using a Vantec
detector with Cu Ka radiation. The tube current and voltage
were 40 mA and 40 kV and the scan angle ranged from 10� to
50�.

The single crystal X-ray diffraction data were collected using
a Bruker APEX-II CCD diffractometer with Mo Ka radiation at
296 K. The structure was solved by Intrinsic Phasing with the
ShelXT structure solution program and rened using Least
Squares minimization by the XL renement package.
2.2 In situ structure transformation characterization using
X-ray diffraction

In situ non-isothermal and isothermal powder X-ray diffraction
were both carried out using a temperature programme. A TTK
450 temperature chamber was used to precisely control the
temperature during the experiment. Non-isothermal in situ XRD
was used to analyse the thermal expansion of TKX-50. The rst
scan started at 30 �C and the next scan was conducted at a 10 �C
interval. When the temperature reached 120 �C, the scanning
process changed to having a 5 �C interval up to 175 �C. The nal
scan was carried out when the temperature was decreased to
30 �C.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Instrument parameters for Rietveld refinement

Instrument parameter Value

Goniometer radius Primary 217.5
Secondary 217.5

Equatorial convolutions Receiving slit width/mm 0.1750585
FDS shape/� 0.5

Axial convolutions Source length/mm 12
Sample length/mm 15
RS length/mm 12
Prim. soller/� 7.196213
Sec. soller/� 3.753572
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Isothermal in situ XRD was used to analyse the primary
decomposition of TKX-50. The rst scan data were collected
when the temperature was increased from ambient to 30 �C,
then the temperature was raised to 190 �C and the second scan
was started aer 10 minutes. The time interval was 10 minutes
and aer that a new scanning process was carried out. When
such a process had been conducted 24 times, the temperature
was decreased to 30 �C and the nal data were collected. Except
for the different target isothermal temperature, the same pro-
gramme was applied for 192 �C, 194 �C, 196 �C and 198 �C. The
time point at which the target temperature had just been
reached was used as a zero reference.
2.3 In situ transformation observation using hot stage
microscopy

Hot stage microscopy (HSM) of TKX-50 was performed using
a Linkam LTS420 Heating and Cooling Stage. The crystal was
mounted on the hot stage and observed using a Scope.A1 optical
microscope by ZEISS. The morphological changes of TKX-50
were obtained under heat stimulation. The temperature was
set from 30 �C to 198 �C and the heating rate was 10 �C min�1.
When the temperature reached 198 �C, this temperature was
maintained for 210 minutes. Aer this the temperature was
decreased to 30 �C.
2.4 Thermogravimetric techniques

Thermogravimetric-differential scanning calorimetry (TG-DSC)
technology was employed to analyse the secondary decompo-
sition of TKX-50. The samples were obtained aer the primary
decomposition of TKX-50 using isothermal in situ XRD. The
samples were tested in aluminum pans and the experiment was
conducted at a heating rate of 10 �C min�1 from 30 �C to 400 �C
with around 1.58 mg.

Thermogravimetric-Fourier transform infrared spectroscopy
(TG-FTIR) was applied to analyse the gas products of each
decomposition process. The temperature programme was set
from 30 �C to 198 �C at a heating rate of 10 �C min�1, the
isothermal time was 60 minutes, and the temperature was then
increased up to 500 �C at the same heating rate. Finally, the
temperature was decreased to 30 �C.
Fig. 1 The morphological changes of TKX-50 under heat stimulation.
(a) The morphology of TKX-50 at 30 �C; (b) the morphology of TKX-50
at 175 �C; (c) the morphology of TKX-50 when the temperature has
just risen to 198 �C; (d) the morphology of TKX-50 when the
temperature has risen to 198 �C and beenmaintained for 1 hour; (e) the
morphology of TKX-50 after primary decomposition; (f) the
morphology of TKX-50 after primary decomposition using the
reflection mode of the microscope.
2.5 Crystal structure renement using the Rietveld method

The Rietveld method in the TOPAS program of the Bruker
Company was used to rene the obtained XRD diffraction
patterns in order to obtain the lattice parameter changes and
calculate the conversion degree inuenced by the different
temperatures. The instrument parameters used to analyse the
lattice parameter changes are shown in Table 1 and the
instrument parameters for calculating the conversion degree
have been obtained from previous work.31 The fundamental
principles of the Rietveld method have been mentioned in
previous work.32
This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1 Morphological changes of TKX-50

The morphological change process of TKX-50 under heat
stimulation can be observed. From 30 �C to 175 �C, the crystal
morphology remained basically unchanged. As the temperature
increased to 198 �C, the crystal appearance began to change
slowly. It was found that cracks appeared on the crystal and
liquid formed with bubbles emerging from the crystal. It was
deduced that the crystal began to decompose but not fully. Aer
RSC Adv., 2017, 7, 49105–49113 | 49107
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Fig. 2 XRD patterns of TKX-50 with increasing temperature from 30
to 175 �C.

Fig. 3 Calculated unit cell parameters of TKX-50 normalized from 30
to 175 �C.
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150 minutes, most of the crystal had decomposed leaving some
solid residues. Meanwhile, the crystal turned from transparent
to opaque and from a single crystal to polycrystalline. It was
presumed that the primary decomposition of TKX-50 had
occurred and a stable intermediate product was formed. The
primary solid phase decomposition reaction of TKX-50 was
started from local active spots of the crystal that appeared to
form the reaction core, which destroyed the molecular structure
at the active spots, and then extended gradually to the crystal
interior. The detailed images of TKX-50 under heat stimulation
are shown in Fig. 1.
3.2 The thermal expansion of TKX-50

In order to further conrm the crystal structure transformation
and decomposition process of TKX-50 under thermal stimula-
tion, in situ non-isothermal XRD was applied to investigate the
thermal expansion of TKX-50. XRD patterns of TKX-50 were
collected within the temperature range from 30 �C to 175 �C
(Fig. 2). During the heating process the diffraction peaks in the
XRD patterns shied toward a lower 2q without other obvious
49108 | RSC Adv., 2017, 7, 49105–49113
changes, which indicates that lattice expansion has taken place.
Using the TOPAS soware combined with Rietveld renement,
the rened lattice parameters of TKX-50 corresponding to
certain temperature points could be obtained (detailed in Table
S1†) and the accurate thermal expansion coefficients were
calculated. The rened lattice parameters of TKX-50 were
expressed as a function of temperature.

It was found that the value of the a-axis decreased to a certain
extent and then kept uctuating with the increasing tempera-
ture. The b angle also decreased with a �0.27% change from
30 �C to 175 �C. A negative thermal expansion (NTE) was
exhibited. Meanwhile, it was observed that the value of the b-
axis, c-axis and the unit cell volume all increased with the
increasing temperature and the changes were 0.96%, 0.50% and
1.42%, respectively, which shows positive thermal expansion
(PTE). The normalized changing lattice parameters can be tted
to a second-order polynomial (Fig. 3). Meanwhile, the thermal
expansion coefficients were calculated using the formula a ¼ 1/
L (dL/dT), in which L represents the primary lattice constant.33

The average thermal expansion coefficients of the a-axis, b-axis,
c-axis, b angle and the unit cell volume were �1.04635 � 10�6,
5.56149 � 10�6, 4.76293 � 10�6, �1.92479 � 10�7 and 2.2973 �
10�7, respectively. It was observed that the thermal expansion
coefficient of each axis was different within the same tempera-
ture range. This revealed that the thermal expansion of TKX-50
was anisotropic. Corresponding to themorphology change from
Fig. 1, although the anisotropy of the thermal expansion can
lead to some change in crystal morphology, the anisotropic
expansion will not cause signicant change due to the fact that
the crystal is in the state of free connement, such as in
cracking, grinding and so on.
3.3 The primary decomposition of TKX-50

In situ isothermal X-ray diffraction was used to carry out heat
treatment of TKX-50 at 190, 192, 194, 196 and 198 �C. In order to
eliminate the inuence of the sample orientation on the
diffraction peaks, the raw materials were completely ground
before use. The heating program was then applied. Thus we
obtained the whole process of crystal structure variation at
different temperatures and compared this with the single
crystal simulation XRD patterns of TKX-50 and ABTOX. The
detailed processes are shown in Fig. 4 and the conversion
degree of TKX-50 to the intermediate product at all the
isothermal temperatures is shown in Fig. 5.

From the XRD patterns at 190 �C and 192 �C, it can be seen
that the peaks shied toward a lower 2q due to thermal
expansion and new weak peaks appeared with the increasing
heating time. The intensity of the new peaks increased and that
of the peaks belonging to the raw materials decreased obviously
at 194 �C. However, a small number of peaks of the raw TKX-50
still existed at 196 �C. When the temperature rose to 198 �C, the
residual peaks of the raw material disappeared and new
diffraction peaks appeared, in particular the (002) and (200)
diffraction peaks. Moreover, the position of the new diffraction
peaks coincided with the XRD pattern of ABTOX. We speculated
that primary decomposition of TKX-50 occurred, but no
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a–e) XRD patterns of TKX-50 at different isothermal temperatures.
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crystalline transition occurred. Meanwhile, with increasing
temperature the crystal structure changed more quickly. The
results showed that the crystal structure changed under long
time thermal stimulation. On the other hand, the XRD patterns
at different temperatures were analysed and the conversion
degrees for all the isothermal temperatures within the same
time frame were all calculated. The nal conversion degrees
were 24.30%, 26.40%, 46.72%, 70.69% and 100% using the
Rietveld method. With the increase of heating time, the
conversion degree increased. The conversion degree was higher
at higher isothermal temperatures for the same heating time.
The results showed that TKX-50 and the intermediate product
could coexist in a certain temperature range. As the heating
This journal is © The Royal Society of Chemistry 2017
time increased, primary decomposition gradually occurred and
the intermediate product became stable.

Fourier transform infrared spectroscopy was utilized to
analyse the main intermediate product (Fig. S1†). TKX-50 and
the materials aer in situ XRD at different constant tempera-
tures were tested and the intermediate product was presumed
to be ABTOX. The decomposed intermediate was then dissolved
in water and the crystal was obtained by evaporation recrystal-
lization. The structure of the main intermediate decomposition
product was conrmed by single crystal XRD, and the results
indicated that the intermediate product was ABTOX. The
detailed characterization of ABTOX is shown in the ESI.† Cor-
responding to the morphology change from Fig. 1, the
morphology changed during the primary decomposition
RSC Adv., 2017, 7, 49105–49113 | 49109
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Fig. 5 Conversion degree of TKX-50 to the intermediate product at
different isothermal temperatures.

Fig. 6 The packing diagram of ABTOX viewed from the b-axis direc-
tion. The grey, white, red and blue balls represent C, H, O and N atoms,
respectively.

Table 2 Hydrogen bond lengths (Å) and bond angles (�) for ABTOX

D–H/A d(D–H), Å d(H/A), Å d(D/A), Å
Angle(D–H/A),
�

N8–H8A/O1 0.818 2.324 3.074 152.57
N8–H8B/O1 0.862 2.041 2.902 178.99
N9–H9/O1 0.873 2.152 2.970 155.65
N10–H10/O1 0.873 2.160 2.970 154.05

Fig. 7 The hydrogen bonds of ABTOX.

Fig. 8 The hydrogen bonds of TKX-50.

Fig. 9 The packing diagram of TKX-50 (viewed from the a-axis
direction).
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process. The crystal structure rearranged aer the molecular
structure decomposition of TKX-50, resulting in the breakage of
the original crystal. However, it is difficult for ABTOX to grow
due to the solid state intermolecular forces in the growth
process, and a microcrystal cluster was formed with an original
crystal habit framework.

The packing diagram of ABTOX viewed from the b-axis
direction is shown in Fig. 6. The hydrogen bonds (HBs) in
ABTOX are shown in Table 2 and Fig. 7. It can be seen that there
are four HBs: N8–H8A/O1, N8–H8B/O1, N9–H9/O1 and
N10–H10/O1. The HBs are formed between the C2O2N8

2�

anions and the NH4
+ cations. The possible HB acceptors are the
49110 | RSC Adv., 2017, 7, 49105–49113
O atoms of the C2O2N8
2� anions, in which each O atom is

a quaternary HB acceptor, and the NH4
+ cations act as donors.

The C2O2N8
2� anions and NH4

+ cations are all layer packed
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 TG thermograms of TKX-50 and samples after primary
decomposition.

Fig. 11 DSC thermograms of TKX-50 and samples after primary
decomposition.

Table 3 Thermodynamic parametersa

Samples T1 (�C) T2 (�C) DH1 (J g
�1) DH2 (J g

�1)

TKX-50 244.3 278.4 1564.0 370.1
Samp-1 235.0 284.2 782.9 771.6
Samp-2 230.3 284.0 517.9 859.0
Samp-3 230.0 284.0 442.7 877.4
Samp-4 230.0 286.3 250.8 911.4
Samp-5 — 292.3 — 998.4

a Samp-1, samp-2, samp-3, samp-4 and samp-5 represent the materials
aer primary thermal decomposition under isothermal conditions at
190, 192, 194, 196 and 198 �C, respectively; T1: the peak temperature
of primary decomposition; T2: the peak temperature of secondary
decomposition; DH1: the enthalpy of primary decomposition; DH2: the
enthalpy of secondary decomposition.

Fig. 12 The FTIR signal spectrum and corresponding temperature
program (the blue line represents the temperature program and the
black line represents the FTIR signal spectrum of the TKX-50 thermal
decomposition gas products).

Fig. 13 The three-dimensional FTIR spectra of the TKX-50 thermal
decomposition gas products.

Fig. 14 The proposed thermal decomposition mechanism of TKX-50.
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when viewed from the b-axis direction. One C2O2N8
2� anion is

encompassed by eight NH4
+ cations and there are eight HBs

formed. The shorter H/O distances and bigger HB bond angles
contribute to the formation of strong HBs, which are benecial
to the stabilization of ABTOX.
This journal is © The Royal Society of Chemistry 2017
TKX-50 is monoclinic, has strong hydrogen bonding between
the cations and anions, mainly through the H atom on
(NH3OH)+ and the O atoms and N atoms on the bistetrazoles,
RSC Adv., 2017, 7, 49105–49113 | 49111
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and the minimum hydrogen bonding distance is 1.714 Å. The
HBs of TKX-50 are shown in Fig. 8. The packing mode of the
crystal cell under thermal expansion will be inuenced by the
strong hydrogen bonding. The packing diagram of TKX-50
along the a-axis direction is shown in Fig. 9. It is found that
a six-membered ring unit is formed by strong hydrogen bonding
and these units accumulate gradually along the a-axis direction.
From the interactions between the cations and anions, the
hydrogen bonding between A and B and B and D are stronger
than the hydrogen bonding between B and C. Therefore, under
thermal stimulation, the vibration of TKX-50 also increases. The
weaker part of the six-membered ring structure is elongated
rst, which leads to the attening of the six-membered ring and
the a-axis direction of the crystal cell is contracted, thus the a-
axis exhibits NTE. The constant expansion of the b-axis and
sustained compression of the a-axis lead to a shortening of the
distance between A and B and between B and D. As the
temperature keeps rising and the distance is shortened to
a certain extent, H-transfer is induced, in which the H atom of
NH3OH

+ transfers to the O atom of bistetrazole and NH2OH and
1H,10H-5,50-bistetrazole-1,10-diol (BTO) are formed. However,
NH2OH is very unstable at room temperature, and NH2OH
continues to decompose and form NH3 and H2O, etc. at high
temperatures. Meanwhile, A and D gradually become parallel to
the b-axis due to the reduction of the resistance between A and
D. NH3 then combines with BTO to form ABTOX.
3.4 The secondary decomposition of TKX-50

Thermogravimetric-differential scanning calorimetry (TG-DSC)
was employed to analyse secondary decomposition of TKX-50.
The obtained TG thermograms are shown in Fig. 10 and the
DSC thermograms are shown in Fig. 11.

From the TG-DSC curve of raw TKX-50, two exothermic
decomposition peaks are obvious. The thermodynamic param-
eters are shown in Table 3. The enthalpy of the rst decompo-
sition process is much greater than that of the second process.
The peak temperature of the rst exothermic peak is 244 �C and
the second is 278 �C. Compared with the TG-DSC curve of raw
TKX-50, it is found that the enthalpy value of the rst
exothermic peak decreases with the increasing heat treatment
temperature and that of the second peak increases. Moreover,
the peak temperature of the samples aer primary decompo-
sition of raw TKX-50 is lower than that of TKX-50. The main
intermediate product aer primary thermal decomposition is
stable.

It is deduced that the decrease in enthalpy is caused by the
fact that TKX-50 is decomposed slowly in the process of primary
decomposition, accompanied by the release of energy. More-
over, the conversion degree is different due to the different
isothermal temperature at the same time and the conversion
degree of TKX-50 to the intermediate product is 24.30% at
190 �C and 100% at 198 �C (Fig. 3). Therefore, the enthalpy of
the rst decomposition gradually decreased with the increase in
isothermal temperature. Meanwhile, it is deduced that the
advanced peak temperature of the samples aer heat treatment
is caused by the fact that the primary and secondary thermal
49112 | RSC Adv., 2017, 7, 49105–49113
decompositions of TKX-50 are inuenced by each other. Also,
the integrity of the crystal structure is destroyed during primary
decomposition which accelerates the thermal decomposition
rate and increases the peak temperature of secondary
decomposition.
3.5 The gaseous decomposition products and the thermal
decomposition mechanism of TKX-50

TG-FTIR technology was applied to analyse the gaseous
decomposition products of each process. The FTIR signal
spectrum and the corresponding temperature program are
shown in Fig. 12 and the three-dimensional FTIR spectra of the
TKX-50 thermal decomposition gas products are shown in
Fig. 13. It is found that the primary decomposition of TKX-50
yields large amounts of H2O at 198 �C, which is conrmed by
the characteristic peaks for water vapor in the infrared spec-
trum at 4000–3500 cm�1 and 2000–1500 cm�1. It is also
consistent with the result that the liquid forms bubbles that
emerge from the crystal as shown in Fig. 1. The FTIR spectra
show that the primary decomposition is mainly the decompo-
sition of NH3OH

+ to form H2O, NH3, N2 and N2O, and that NH3

combines with BTO to form ABTOX, which is consistent with
the previous analysis. In addition, when the temperature
continues to rise, ABTOXmainly decomposes into N2O, CO2, N2,
etc.

The proposed thermal decomposition mechanism of TKX-50
is shown in Fig. 14. Under thermal stimulation, crystal expan-
sion occurs rst and is followed by H-transfer, which accelerates
the primary decomposition of TKX-50. As the temperature
increases, the primary decomposition becomes more intense,
and ABTOX gradually forms by the combination of NH3 and
BTO, accompanied by the generation of H2O, N2 and N2O.When
the temperature continues to rise, ABTOX eventually breaks
down into small molecular gaseous products such as N2O, CO2,
N2, etc.
4. Conclusions

In this paper, the crystal structure transformation of TKX-50
during heat treatment was analysed by means of in situ XRD,
TG-DSC and TG-FTIR. It was found that only anisotropic
thermal expansion occurs from 30 �C to 175 �C, during which
the a-axis and b angle exhibit NTE and the b-axis, c-axis and unit
cell volume exhibit PTE, leading to a change of intermolecular
force and the expansion and ipping of some molecules. In
particular, the NTE of the a-axis results in a shorter distance
between the cations and dianions, which induces hydrogen
transfer, which then accelerates primary decomposition of TKX-
50. With the increasing temperature primary decomposition
occurred and the intermediate product ABTOX was formed,
which was conrmed by single XRD, and we deduced the
process from TKX-50 to ABTOX. The morphology change from
thermal expansion to primary decomposition was obtained by
HSM and the results are consistent with each process. When the
temperature continues to rise to 270 �C, secondary decompo-
sition occurrs. The gas products were also obtained by TG-FTIR
This journal is © The Royal Society of Chemistry 2017
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and the decomposition mechanism was proposed. In short,
TKX-50 has undergone thermal expansion, primary decompo-
sition and secondary decomposition under heat stimulation. It
can be concluded that energetic ionic salts oen have multistep
thermal decomposition processes because of their crystal
structure. Just for this reason, it is very important to control the
compatibility of materials with other materials in order to
ensure they are suitable for a particular application and effec-
tively avoid structural deterioration.
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