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Abstract: The e—7 phase transition of HNIW induced by heat was investigated
with in situ X-ray powder diffraction (PXRD). The effects of purity, particle
size, insensitive additives and the time of isothermal heat treatment on the phase
transition were evaluated. It was found that the phase transition is irreversible with
changes in temperature, and the two phases can coexist in a certain temperature
range. Moreover, the initial phase transition temperature increases with increasing
purity and decreasing particle size of HNIW, and thus with the approximate
crystal density. The addition of graphite and paraffin wax to HNIW as insensitive
additives leads to a decrease in the initial phase transition temperature, but the
addition of TATB does not affect the initial phase transition temperature. Thus,
TATB is a suitable insensitive additive. Moreover, at the critical temperature, the
isothermal time determined the efficiency of the e- to y-phase transition. This
work lays the foundations for the choice of molding technologies, performance
test methods, ammunition storage options, as well as the manufacture of HNIW-
based explosive formulations.
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1 Introduction

Polymorphism, defined as the ability of a material to crystallize in different crystal
structures, is frequently encountered in organic crystals. Polymorphic crystals
have the same structure in the liquid and gaseous states, but different structures
and physicochemical properties in the solid state. The different properties
include solubility, density, morphology, melting point, stability and so on, which
have significant effects on the industrial processing and applications of the
materials [1, 2]. For instance, in the field of energetic materials, the density of an
explosive strongly affects the detonation performance, including the detonation
velocity, pressure, heat, etc. [3, 4]. Owing to the differences in density and
stability between polymorphs, the energy output and detonation performance
are dependent on polymorphism. Therefore, to satisfy the requirement of high
energy density, energetic materials with high density and a stable structure have
to be prepared. The polymorphic transformation kinetics of an explosive could
be affected by many factors, such as temperature, solvent, pressure, and additives,
and have been of serious concern to the energetic materials industry [5-7].

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW, also
called CL-20) was firstly synthesized in 1987 by A. T. Nielsen, an American
chemist at the Naval Weapons Center, China Lake [8, 9]. HNIW possesses
a very high energy density due to the ratio of carbon atoms to nitro groups (1:1)
and the highly strained molecular cage structure (Figure 1). Thus, HNIW shows
potential for wide spread use in many munitions applications. The different
extended orientations of the nitro groups relative to the five- or six-membered
rings of HNIW leads to different molecular packing models and different
numbers of molecules in a cell, which defines several probable polymorphs of
HNIW. So far, five different polymorphs (a, B, v, €, and {) have been reported
and identified [10-14]. Four of the polymorphs (a, B, v, and €) exist at ambient
pressure and temperature. Only e-HNIW is applied in practice because of its
good thermal stability and the highest energy density [15-18] (theoretical density
0f 2.044 g-cm™ [19]).

However, the e-phase can be converted to other phases under extreme
conditions [20]. Heat is an important factor promoting the reconstruction of
e-HNIW. Russell [5, 12] investigated the effects of temperature and pressure
on the solid-state phase transition of HNIW by DSC and found that a, B, and
e-form could transform to y-HNIW when heated. Turcotte [21] reported that at
a temperature of 160-170 °C, a solid-solid phase transition of e—y polymorphs
occurs in HNIW. They proposed that the transition temperature was related to the
crystal quantity of HNIW. Moreover, the potential use of HNIW in TNT/ETPE
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based melt cast formulations was investigated by Thiboutot [22]. It was found
that molten TNT could partially dissolve e-HNIW followed by phase transition to
B-HNIW, resulting in a decrease in charge density and an increase in sensitivity.
These phase transitions of HNIW lead to a decrease in thermal stability and
detonation power, which reduces the safe performance of weapons and affects
the application of HNIW. Therefore, a study of the evolution characteristics and
influential factors on the phase transition of e-HNIW has practical significance.

a-HNIW \ / VHNIW J

pbea O, ANz P2i/n
orthorhombic Nﬁ” monoclinic

i )
1.981g-cm ON—y LN~ 1.916g-cm™
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pb2,a P2lin
orthorhombic monoclinic
1.985g-cm 2,044g-cm™

Figure 1. Molecular structures of HNIW and its different conformers which
form a-, B-, y-, and e-HNIW.

In the present work, the evolution of HNIW was investigated with in-situ
PXRD under heat stimulation. The aim of the work was to study the effects
of purity, particle size, insensitive additives and the time of isothermal heat
treatment on solid-solid phase transitions. This work provides new insights
into the solid-state phase transitions of HNIW, and is significant for controlling
the polymorphic form of HNIW and maintaining the pure form in applications.
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2 Experimental

2.1 Materials and instruments
HNIW was synthesized by Qingyang Chemical Industry Corporation in China
and recrystallized by evaporation from ethyl acetate before use. Insensitive
additives such as 1,3,5-triamino-2.,4,6-trinitrobenzene (TATB), graphite, and
paraffin wax were produced by the Institute of Chemical Material, China
Academy Engineering Physics.

X-ray powder diffraction (PXRD) analysis was performed on a Bruker
D8 Advance X-ray powder diffractometer by using Cu K, radiation without
a monochromator. An Anton Paar TTK 450 temperature chamber was used
as the heating device during the experiments and the temperature uncertainty
was 0.1 °C. The X-ray tube operating conditions were set at 40 kV and 40 mA,
while a Vantec-1 detector was adopted during the experiments. Samples were
packed into a metallic holder and scanned from 5° to 50° in 26, increasing in
increments of 0.02°; the counting time was set at 0.1 s per increment. The purity
was determined by high performance liquid chromatography (HPLC, Agilent
Series 220). The particle size distribution was measured with a Beckman Coulter
LS230. The apparent density of the sample was measured with a home-made
density gradient apparatus [23, 24]. Aqueous ZnBr, solution as the gradient
liquid was in the density gradient column.

2.2 Temperature programme

A series of PXRD detections was performed at different temperatures controlled
by the programme. The rate of temperature change was 0.1 °C/s, and scanning
was performed at 5 min after the target temperature had been reached. Firstly, the
temperature was raised from ambient to 30 °C, and scanning data was collected.
After that, the temperature was increased to 125 °C and a second scanning process
was carried out. Then, the temperature was increased to 180 °C, and scanning
was performed at 5 °C intervals. After the scanning process at 180 °C, the
temperature was decreased to 30 °C, and the final scanning process was carried
out. The uncertainty of the initial phase transition temperature determined by
the in-situ variable temperature PXRD patterns was 5 °C.

2.3 Rietveld method

The Rietveld refinement method was used to calculate the phase content of the
HNIW crystals through the Topas Academy program, which is a standardless
X-ray diffraction, quantitative phase analysis method of the complete powder
diffraction pattern. Based on the Rietveld method [25, 26], the weight fraction

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland



Thermally Induced Polymorphic Transformation... 1027

o for each phase is related to the overall Rietveld scale factor S. The calculated
intensities y,; in the 26; position and the weight fraction of phase y in an n phase
mixture are given by the relationships:

Yo = ZS;'ZK Ly ‘Fm |2¢m (20_;':' — 20 ) Pyd; +Y, (1
F iy
S, (Zmv'),
Q== — (2)
2.5, (zmv’),

=

where S is the scale factor, K represents the Miller indexes hkl for a Bragg
reflection, Lk contains the Lorentz, polarization and multiplicity factors, @ is
the reflection profile function, Pk is the preferred orientation function, 4 is an
absorption factor, F is the structure factor for the K Bragg reflection and Yy, is
the background intensity at the i step. In Equation 2, (ZMV), is the “calibration
constant” for phase y and can be calculated from published or refined crystal
structure information alone (Z is the number of formula units in the unit cell,
M is the molecular mass of the formula unit, }is the unit cell volume). The scale
factor S is a multiplier for each phase contribution to the whole powder pattern,
which is related to the relative abundance of that phase and can be calculated
from Equation 1.

3 Results and Discussion

3.1 In-situ X-ray powder diffraction analysis

The XRD patterns of standard e- and y-HNIW covering 26 from 5 to 50° are
shown in Figure 2. The crystallographic parameters are referred from the refcode
PUBMUUO02 [27] and PUBMUU [27] of the Cambridge Structural Database
(CSD) [28]. Considerable differences exist between the patterns and can be used
to distinguish the polymorphs of HNIW. For example, a strong peak appeared
at the 20 position of ca. 13°, which belongs to y-HNIW.
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Figure 2. XRD patterns of ¢-, and y-HNIW crystals. In the inset the
characteristic peaks of ¢ (12.82° and 13.82°, 20) and y (12.94°,
13.36° and 14.16°, 20) are indicated from 12° to 15°. These were
used to estimate the change of the patterns when heating.

Figure 3 shows the XRD patterns of the ¢- to y-HNIW phase transition at
elevated temperature. The samples of e-HNIW possessed chemical purity of
99.6%, particle size distribution of 75~125 pm and an average apparent density
0f2.0374 g-cm at 23 °C. As shown in Figure 3, the diffraction patterns consist
of pure e-phase peaks below 150 °C and a new weak phase peak is found at
13.36° 26 at 155 °C. Compared with the XRD patterns of standard y-HNIW,
this particular peak is attributed to the y-phase. With increasing temperature,
the intensity of the peak at 13.36° increases, while the characteristic peak of
e-HNIW at 10.70° 26 becomes weaker. The results indicate that the proportion
of the two kinds of polymorph has changed. The quantitative determination
data of the mixture by Rietveld refinement were 85.5% of e-HNIW and 14.5%
of y-HNIW at 155 °C through the Topas software of the Bruker Company [29].
The error in the Rietveld refinement was less than 3% in this work due to the
high purity and narrow particle size distribution of the samples and careful
collection of the pattern data [30-33]. When the temperature rose to 180 °C, the
main component of the mixture was y-HNIW (about 89.5%). The results show
that the phase transition occurs without complete destruction of the e-phase. In
the temperature range of 150 °C to 180 °C, the two phases can coexist, and can
be used for kinetics research. In addition, it was found that the phase transition
is irreversible on cooling.
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Figure 3. XRD patterns of the &- to y-HNIW phase transition at elevated

temperature. The characteristic peaks from 12° to 15° show distinct

differences on heating and the appearance of new peaks were used

to estimate the initial polymorphic transition temperature. The

highlighted area shows the presence of the y-form in the sample.
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Figure 4. Morphological change of HNIW induced by heating: (a) before
phase transition, (b) after phase transition.

Along with the morphological change of e-HNIW, it can be seen (Figure 4;
before and after polymorphic transformation) that obvious cracks appeared on the
surface of the crystals. Although g-and y-HNIW both belong to the monoclinic
system and have the same space group (P21/n), the crystal structures such as
nitro orientation and lattice parameters are different. The unit cell volume of
the y-crystal form (1.519 nm?) is larger than that of the e-form (1.424 nm?),
and results in volume expansion of the crystal after the thermally induced
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phase transition. Thus, in the macroscopic view, the density of the y-form
(1.916 g-cm™) is less than that of the e-form (2.044 g-cm™). According to hotspot
theory [34], the defects can lead to an increase in the mechanical sensitivity of
the explosive and a decrease in safety, and thus could not fulfill the requirements
for weapons applications.

3.2 Influence of purity on crystal structural transformation

The purity of the sample is an important parameter in a quality judgment of
HNIW, because the purity strongly affects the physicochemical properties [35].
In-situ PXRD experiments were conducted to investigate the influence of purity
on the e—vy phase transition. The results are given in Table 1.

Table 1.  Initial phase transition (¢—vy) temperature of HNIW with different
chemical purities

Initi Average Mean . Initial phase
nitial . ) . Chemical E
Sample | h particle size| density urity [%] transition
potymorp [um] [g'cm™] purity [7o temperature [°C]
crys-1 € 65.2 2.0309 94.2 145
recrys-1 € 59.7 2.0324 95.5 150
recrys-2 € 62.3 2.0334 96.4 150
recrys-3 € 59.5 2.0349 98.3 155
recrys-4 € 55.7 2.0382 99.6 160

It can be seen that the initial phase transition temperature increases with
increasing purity of the samples (note: if a lower temperature gradient is utilized,
more accurate initial phase transition temperatures could be obtained). This is
attributed to the presence of impurities reducing the energy barrier for phase
transition, and the heat accumulation and energy release of impurities providing
additional energy to promote the phase transition [10, 11]. Therefore, purity is
a key factor in ensuring the stability and safety of HNIW.

3.3 Influence of particle size on crystal structural transformation

In order to investigate the influence of various particle sizes on the phase transition
of HNIW, four samples with particle size distributions of 5-25 pum, 45-75 pum,
and 150-250 pm, together with a ground sample of the latter, were selected for
in-situ PXRD experiments. The samples possessed similar chemical purities,
i.e. 99.6, 99.6 and 99.5%, and similar average density, i.e. 2.0386, 2.0378 and
2.0372 g-cm™. Figure 5 shows the XRD patterns of the &- to y-HNIW phase
transition with different particle size distributions.
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Figure 5. XRD patterns of the &- to y-HNIW phase transition with different
particle size distributions: (a) 5-25 pum; (b) 45-75 um; (¢) 150-250 pum;
(d) sample ¢ (150-250pm) was ground in an agate mortar. The new
characteristic peaks of y-HNIW from 12° to 15° appeared in the
highlighted area when heated, indicating that the e-phase had begun
to transform to the y-phase. The initial phase transition temperature
was different when the particle size of HNIW was increased.

In theory, a sample with a smaller particle size has a larger surface area,
higher surface energy and higher surface activity [36]. Thus, the crystal structural
transformation should appear at a lower temperature. However, an unusual
phenomenon was observed in Figure 5. The initial phase transition temperature
decreased with increasing particle size. As shown in Figures 5a, 5b and 5c, the
initial phase transition temperatures of the samples were about 165 °C, 155 °C and
135 °C with the particle size distributions of 5-25 um, 45-75 um and 150-250 um,
respectively. The differences in the initial phase transition temperatures may be
caused by the following. Firstly, the loading density of HNIW with larger particle
size is lower than with the smaller one, so less energy is needed to realize the
phase transition. Secondly, the HNIW with larger particle sizes possesses more
crystal defects, such as internal void and solvent, confirmed by the densities,
which increases the speed of crystal reconstruction in the phase transition and
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reduces the energy barrier required. Figure 5d confirms that the initial phase
transition temperature with particle size distribution of 150-250 um increased
to about 155 °C after grinding.

3.4 Influence of insensitive additives on crystal structural
transformation

Compared with the ordinary nitramine explosives such as octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) and hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), the safety performance of HNIW should be improved on being applied
in the formulation design of a composite explosive. In general, insensitive
additives are used to reduce the sensitivity of individual explosives [37]. In
order to investigate the influence of different insensitive additives on the e—y
phase transition, the sample with the particle size distribution of 5-25 um,
average density 0f 2.0386 g-cm > and purity of 99.57%, was mixed with different
insensitive additives in different proportions. TATB and graphite were mixed
with HNIW by dry blending, and a mixture of wax and HNIW was prepared
by dispersing HNIW in a chloroform solution of wax and then evaporating the
chloroform. The results are shown in Figure 6.

ratio of HNIW and additive: & 90wt% HNIW 1 80wt% HNIW

1
=

165

160 -

155T

155

150

145

Initial phase transition temperature/ C

HNIW HNIW+TATB HNIW-+graphite HNIW+paraffin

140

wax

Figure 6. Initial phase transition temperatures of HNIW mixed with several
insensitive additives.

With increasing content of graphite and paraffin wax, the initial phase
temperature decreased correspondingly. The possible reason for this is that the
presence of the impurity reduces the energy barrier of the phase transition, and
the additive has additional heat and energy to induce the phase reconstruction.
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Especially for paraffin wax with its low melting point and high conductivity
of heat, the initial phase transition temperature is much lower than the others.
By contrast, TATB is an inferior heat conductor. Moreover, TATB has a stable
molecular structure and cannot provide extra contributions to the phase transition
[38]. Thus, TATB is a good insensitive additive for HNIW in the formulation
of composite explosives.

3.5 Influence of isothermal time on crystal structural
transformation

The phase transition may occur under extended heat treatment due to the high
energy provided to the HNIW. In order to verify structural changes in HNIW
after different isothermal times, samples with the same properties as described
in Section 3.4 were analyzed by in-situ PXRD. The samples were heated at
0.1 °C-s™! from ambient temperature to the target temperature, and were then
scanned after 2 min at the constant temperature. XRD data were subsequently
collected every 5 min for 4 h. The results are shown in Figure 7.

100
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Figure 7. Increasing fraction of the y-polymorph as a function of isothermal
time: (m) heating temperature was 165 °C, (@) 163 °C, (A) 160 °C,
and (V) 158 °C.

As shown in Figure 7, the effects of isothermal heating time were different
at different temperatures. The weak diffraction peaks of y-HNIW in the XRD
patterns appeared above 158 °C after a certain time, indicating that the phase
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transition of HNIW had occurred. The proportion of y-HNIW increased with
increasing isothermal time. Furthermore, the heating time required for phase
transition decreased with increasing temperature. The new peaks occurred after
only 2 min at 165 °C. If the isothermal time is long enough, complete phase
transition can be achieved. In fact, there is a critical temperature for phase
transition for every single sample. The phase transition can be realized by heating
above that critical temperature for sufficient time. This point confirms that the
occurrence of the phase transition of HNIW requires enough energy to overcome
the barrier, to achieve the reconstruction of the internal structure, and to provide
the additional energy to promote the crystal structural transformation [39].

4 Conclusions

The e—vy phase transition of HNIW on heating was investigated by in-situ
PXRD. The phase transition of e-HNIW occurred without complete destruction
of the e-phase. In the range of 150 °C to 180 °C, the two phases can coexist.
Moreover, the phase transition is irreversible on cooling. The phase transition of
&- to y-HNIW is related to the purity and particle size of the sample. The initial
phase transition temperature increases with increasing purity and decreasing
particle size of HNIW and thus with the approximate crystal density. The
influence of different insensitive additives on the phase transition differs. The
addition of graphite and paraffin wax to HNIW as insensitive additives leads to
a decrease in the initial phase transition temperature, but the addition of TATB
does not affect the initial phase transition temperature. Thus, TATB is a suitable
insensitive additive. In addition, the isothermal time also affects the process
of phase transition. The phase transition can be realized by heating above the
critical temperature for sufficient time.
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