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In order to improve the safety of hexanitrohexaazaisowurtzitane (CL-20), submicron CL-20 particles were prepared by a siphon
ultrasonic-assisted spray refining experimental device. The samples were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), and differential scanning calorimetry (DSC), and the impact sensitivity of the samples was tested.
The results show that the particle size of siphon-refined CL-20 is about 800 nm~1 gm, which is more smooth, mellow, and
dense than that of CL-20 prepared by a traditional pressure-refined method. The peak diffraction angle of pressure- and
siphon-refined CL-20 is basically the same as that of raw CL-20, and their crystal forms are ¢ type. The peak strength of
pressure- and siphon-refined CL-20 decreased obviously. The apparent activation energy of pressure-refined CL-20 and
siphon-refined CL-20 is 13.3kJ/mol and 11.95k]J/mol higher than that of raw CL-20, respectively. The thermal stability of
CL-20 is improved. The activation enthalpy (AH#) is significantly higher than that of raw CL-20, and the characteristic drop
is 70.4% and 82.7% higher than that of raw CL-20. The impact sensitivity of siphon-refined CL-20 is lower than that of

pressure-refined CL-20, so the safety performance of an explosive is improved obviously.

1. Introduction

With the increasing military demand, high-energy explosives
have also developed rapidly. The ammonium nitrate explosive
is one of the typical explosives. Hexanitrohexaazaisowurtzi-
tane (HNIW, CL-20), as one of the caged ammonium nitrate
explosives, is favored by people. The molecular structure of
CL-20 (C4HO,,N;,) is shown in Figure 1. It is the most
promising high-energy explosive to replace HMX in the syn-
thesis of high-energy density materials. However, due to its
high mechanical sensitivity and multifaceted crystal, it cannot
meet the needs of explosive safety performance in the battle-
field environment, so it needs to be refined to obtain high-
quality crystal to meet the requirements of explosive safety
performance. In general, the common method to reduce the
sensitivity of CL-20 crystal is refining treatment [1]. The par-
ticles prepared by the refining method have increased density,

decreased mechanical sensitivity, disappeared sharp edges and
corners, and elliptical particles. In addition, the physical char-
acteristics of the refined CL-20 crystal, such as particle size,
morphology, crystal type, purity, internal and external defects,
and the microstructure of the crystal gap, also have a great
impact on the sensitivity of CL-20.

The mechanical sensitivity of CL-20 explosives is reduced
by means of refinement. The main methods commonly used
include mechanical milling [2-4], chemical recrystallization
[5, 6], spray drying [7, 8], and supercritical fluid recrystalliza-
tion [9-11]. Wang et al. [12] used a gas-phase antisolvent
method (GAS) prepared nano-HNIW. The size of HNIW
nanoparticles was 120 nm-300 nm, but the crystal type chan-
ged from € type to « type during recrystallization. Bayat
and Zeynali [13, 14] used the microemulsion method to
prepare nanoparticles of CL-20 via oil in water (O/W)
microemulsions. The optimized formulation contains water
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FiGUre 1: Molecular structure of CL-20.

45%, n-butyl acetate 20.5%, sodium dodecyl sulfate (SDS, as
anionic surfactant) 6.5%, and 2-propanol (as cosurfactant)
26.5%. Nanoparticles of CL-20 are spherical with an average
diameter of 25 nm. Another method is to spray CL-20 solution
into nonsolvent (isooctane) with ethyl acetate as solvent and
prepare nano-CL-20 by precipitation crystallization. The
results show that CL-20 nanoparticles are spherical or ellipsoi-
dal with an average particle size of 95 nm. Because the particle
diameter is small, the surface energy is high, and it is easy to
agglomerate. Compared with CL-20 of the micron scale, CL-
20 of the nanometer scale has lower impact sensitivity. Zhang
et al. [15] prepared spherical ultrafine CL-20 particles by a
physical grinding method; introduced the working principle
of a grinding refining device; analyzed the influence of grind-
ing ball density and grinding time on the average particle size,
particle size distribution, and sphericity of ultrafine CL-20;
and tested the performance of spherical ultrafine CL-20.
Results show that the superfine CL-20 particles obtained with
low-density grinding balls are spherical, its mechanical sensi-
tivity is significantly reduced, its thermal stability is better than
raw CL-20, and the polymorph remains ¢ type. Jia and Wang
[16, 17] used a spray drying-assisted self-assembly (SDAS)
technology to prepare submicron CL-20. The impact sensitiv-
ity of CL-20 refined by SDAS is 31.1 m, and the probability of
friction explosion is reduced to 80%. However, it can be found
that there are defects in the refined CL-20 crystal particles by
SEM analysis. At the same time, submicron CL-20 particles
were obtained by green mechanical demulsification, but
agglomeration still existed. Pang et al. [18] prepared ultrafine
spherical CL-20 particles by means of a compressed air spray
device. Although the spheroidization of the prepared particles
is higher and the characteristic drop height is increased from
17.8cm to 33.9 cm, the refined CL-20 crystal is 3 type.

In this study, the principle of siphon air atomization was
compared with the traditional atomization method to pre-
pare fine CL-20 particles. A negative pressure (-0.03 MPa~
-0.05MPa) is generated at the liquid inlet inside the spray
chamber. Under the action of negative pressure, the solution
is inhaled into the spray chamber, and compressed air cuts
the solution violently, thus realizing the atomization of the
solution. The larger the air velocity is, the stronger the cutting
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effect is and the better the atomization effect is. So the effect
of siphon atomization is better than that of traditional pres-
sure atomization. A siphon ultrasonic-assisted spray refining
experimental device was made by the siphon principle.
Spherical submicron e-CL-20 was prepared, and properties
were tested and studied. This paper can provide reference
for studying the safety of CL-20 explosives.

2. Experimental Parts

2.1. Materials. Raw CL-20 is produced in Liaoning Qingyang
Chemical Industry Company. Ethyl acetate is produced in the
Tianjin Beichen Fangzheng Reagent Factory. Heptane is pro-
duced in Tianjin Guangfu Fine Chemical Research Institute.

2.2. Pressure Ultrasonic-Assisted Spray Refining Experimental
Device. The pressure-type ultrasonic-assisted spray refine-
ment experimental device uses a conical pressure-type two
fluid atomization form. On both sides of the nozzle are the
liquid inlet and the air inlet. When entering the nozzle, the
solution will produce a certain flow rate under the action of
the air pump pressure. At the same time, at one end of the
air inlet of the nozzle, under the action of another air pump,
the gas will also have a certain speed. The solution and the gas
will meet at the nozzle. Under the action of the pressure, the
solution and the gas will rub against each other, so that the
solution will quickly form ultrafine droplets. The diameter
of the nozzle is 0.3 mm. When the small droplets formed
by the spray of solution from the nozzle contact with
the nonsolvent, the small droplets are easy to form a local
supersaturated state with the nonsolvent at the contact sur-
face. The larger the supersaturated state gradient, the easier
the nucleation.

The grains agglomerate with each other to form powder
particles. With more and more fine droplets contacting with
nonsolvent, a large number of crystals are separated out, thus
realizing fine recrystallization of solute. The experimental
device is shown in Figure 2.

2.3. Siphon Ultrasonic-Assisted Spray Refining Experimental
Device. The siphon-type ultrasonic-assisted spray refinement
device adopts a conical siphon dual fluid atomization. The
special internal structure design of the conical siphon atom-
izer can make the liquid and the gas mix evenly and produce
the tiny size droplets. Usually, the method of increasing the
inlet pressure or reducing the inlet pressure is used to make
the atomized droplets smaller.

Siphon atomization can produce a desired spray droplet
without changing the air pressure and liquid pressure by
adjusting the liquid flow rate, so it has strong adaptability.
The principle of the siphon atomizing nozzle is that the air
enters into the annular cavity at a certain flow rate after being
compressed, and a negative pressure (-0.03 MPa~-0.05 MPa)
is generated inside it. Under the action of negative pressure,
the solution is sucked into the spray chamber to cut the solu-
tion with compressed air, thus realizing the atomization of
the solution. When the air flow rate is larger, the cutting
effect is stronger and the atomization effect is better, so the
atomization effect of the siphon type is better than that of
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FIGURE 2: Pressure ultrasonic-assisted spray refining experimental device.
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FIGURE 3: Siphon ultrasonic-assisted spray refining experimental device.

the pressure type. Because siphon spray is absorbed by nega-
tive pressure and the pressure is small, the inlet port does not
need to be equipped with a booster pump. The experimental
device is shown in Figure 3.

2.4. Preparation of Ultrafine CL-20. At room temperature
and atmospheric pressure, 10 g CL-20 was added into a bea-
ker containing 50 ml ethyl acetate and then stirred until
completely dissolved. Two sets of the self-made ultrasonic-
assisted spray refining device were adopted, respectively.
Pour CL-20 solution into the tube at the inlet end of the
atomizing nozzle, and turn on the high-pressure pump.
Under the action of pressure, the CL-20 solution is sprayed
into 250 ml n-heptane at the speed of 1 ml/min through the
atomizing nozzle to form small droplets.

In this process, the stirring speed is 300 r/min~350 r/min.
Because of the heat generated in the ultrasonic process, the
temperature of nonsolvent will increase, so the temperature
should be adjusted in the experimental process, and the tem-
perature should be controlled below 60°C. The white suspen-
sion was obtained by ultrasonic stirring for 30 minutes, and
then, the white suspension was washed, filtered, and vacuum
freeze-dried to obtain spherical CL-20 fine particles.

2.5. Characterization. A field emission scanning electron
microscope (FESEM, S4700 Hitachi, Ltd., Japan) was used
to characterize the morphology, size, and microstructure of
particles. X-ray diffraction (XRD) patterns were obtained
using a DX-2700 (Dandong Haoyuan Corporation, Liaoning,
China) X-ray diffractometer with Cu-Ka (40kV, 30 mA)
radiation at A = 1.5418 A. All samples were scanned from 5°
to 50° with steps 0.03 and 65 counting time. The thermal
properties were characterized by a Setaram DSC-131
(Setaram, Hillsborough Township, NJ, USA). The DSC con-
ditions were as follows: sample mass: 0.7 mg; heating rate:
5K/min, 10 K/min, and 20 K/min; and nitrogen atmosphere
(flow rate: 20 ml/min). The impact sensitivity of each test
sample was characterized by the drop height of 50% explo-
sion probability (H,). The experimental conditions were as
follows: drop weight is 2.5kg, sample mass is 35 + 1 Mg, test
temperature is 10~35°C, relative humidity < 80%, and each
sample was tested 25 times to obtain Hs,.

3. Results and Discussion

3.1. Morphology Analysis. The collected two kinds of refined
CL-20 particles and raw CL-20 were tested by field emission
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FIGURE 4: SEM images of different CL-20 samples.

scanning electron microscopy (FESEM, HITACHI $4700).
The observed micro morphology is shown in Figure 4.

As can be seen from Figure 4, the surface of raw CL-20 is
relatively rough and has obvious sharp edges and corners,
uneven size, irregular diamond shape, and particle size of
20 ym~100 ym. The refined CL-20 particles prepared by the
pressure ultrasonic spray refining device were smaller, sharp
edges and corners disappeared, the particles were oval, the
surface was smooth, and the agglomeration between particles
was serious. The particle size was about 1 ym~2 ym. How-
ever, the siphon ultrasonic spray refining device was made
to refine CL-20; the shape of the particles was spherical,
round, and dense; the dispersion between particles was good;
the agglomeration between particles was significantly
reduced; and the particle size was about 800 nm~1 ym.

In conclusion, compared with the raw CL-20, the particle
size of pressure- and siphon-refined CL-20 is significantly
smaller, and the siphon-refined CL-20 is more round and
dense than the pressure-refined CL-20. Therefore, it is the
most suitable process to refine CL-20 by siphon ultrasonic-
assisted spray refining.

3.2. XRD Analysis. The XRD patterns of raw CL-20, pressure-
refined CL-20, and siphon-refined CL-20 particles are shown
in Figure 5.

According to Figure 5, the pressure-refined CL-20 has
obvious characteristic diffraction peaks at 12.56°, 13.82°,
25.76°, and 30.29°, and the siphon-refined CL-20 has obvious
characteristic diffraction peaks at 12.53°, 13.79°, 25.76°,
and 30.32°. By comparing the XRD diffraction patterns
of the three samples with those of the standard card
(00-050-2045), the positions of the two kinds of refined

CL-20 diffraction angles are basically the same as that of
the raw CL-20 diffraction peak; we can see that the crystal
forms of the three samples are ¢ type.

3.3. DSC Thermal Decomposition Performance Analysis.
Differential scanning calorimetry (DSC-131) was used to
test the thermal decomposition performance of pressure-
refined CL-20, siphon-refined CL-20, and raw CL-20.
Figure 6 shows the DSC curve at the heating rate of
5°C/min, 10°C/min, and 20°C/min.

It can be seen from Figure 6 that after heating, the raw
CL-20 first passes through a period of thermal decomposi-
tion delay, and then, the decomposition speed is gradually
accelerated at 228.70°C, 233.90°C, and 251.27°C, reaching
the maximum value of decomposition speed at 242.15°C,
250.51°C, and 258.37°C, and then, the decomposition speed
drops rapidly until the end of decomposition. The reason
for this phenomenon is that when the explosive molecules
decompose, they do not immediately form the final decom-
position products. When the temperature is low, the number
of active molecules is small and the explosive molecules
are in a relatively stable state. However, with the increase
of temperature, the number of active molecules increases
gradually, and the decomposition speed also increases until
the decomposition stops. At the same time, it can be seen
that the thermal decomposition trend of pressure-refined
CL-20 and siphon-refined CL-20 samples is consistent
with that of raw CL-20, and the decomposition peak tem-
perature increases with the increase of the heating rate. At
the same heating rate, the decomposition peak tempera-
ture of the two kinds of refined CL-20 was earlier than
that of the raw CL-20, and the peak temperature of the
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FIGURE 5: X-ray diffraction patterns of different CL-20 samples.

pressure-refined CL-20 was 2.04°C, 2.37°C, and 2°C earlier
than that of the siphon-refined CL-20. This shows that the
siphon-refined CL-20 particles are easier to decompose
than the raw CL-20 and the pressure-refined CL-20. This
is due to the decrease of CL-20 particle size, the increase
of specific surface area, and the increase of activity of explo-
sive particles, which makes the maximum decomposition
peak temperature lower.

According to the data shown in Figure 6, the decomposi-
tion peak temperature at different heating rates is used. The
apparent activation energies of the three samples are calcu-
lated by Kissinger [19] (formula (1)), Ozawa [20] (formula
(2)), and Starink [21] (formula (3)), and the average values
are taken to obtain the average apparent activation energies
and preexponential factor A of each sample. The results are
shown in Table 1. The Kissinger fitting lines of raw CL-20,
pressure-refined CL-20, and siphon-refined CL-20 are shown
in Figure 7. It can be seen from Figure 7 that R-square is
about 99%, indicating that the measurement data is accurate
and reliable:

In ﬁz’ =In (ﬁ)_i’ (1)
T, E,) RT,

AE E
lge B=1g [ ——— | —2.315-0.4567 —, 2
88=1 (7o) 250467 ()
ﬁi Ea
In (TLS = C, = 1.0037 o, (3)
pi pt
Ty =Ty + bB,+ cp;, (4)

E - ,/E?-4RE,T
sz a a a pO' (5)

2R

In the formula, T}, is the peak temperature of explosive

decomposition temperature (K) at the heating rate f3, R is
the gas constant (8.314]J-mol"-K™), B is the heating rate
(K-min™ or s™"), A is the preexponential factor (min™ ors™),
and E, is the apparent activation energy (kJ-mol™). The
decomposition peak temperature T, can be obtained when
the heating rate 3 tends to 0 by using the obtained apparent
activation energy E, and formula (4). The critical temperature
T, of thermal explosion can be calculated by formula (5) [22].
Table 1 shows the calculation results.

It can be seen from Table 1 that the apparent activation
energy of pressure-refined CL-20 and siphon-refined CL-20
samples is 13.3kJ/mol and 11.95k]J/mol higher than that of
raw CL-20, respectively. The results show that the refined
CL-20 needs higher energy to be activated during decompo-
sition, and the thermal stability of the refined CL-20 is higher
than that of the raw CL-20. The critical temperature of
thermal explosion of pressure-refined CL-20 and siphon-
refined CL-20 is 2.2°C and 3.55°C lower than that of raw
CL-20, respectively, which shows that the thermal sensitivity
of the refined CL-20 is improved, and the thermal sensitivity
of siphon-refined CL-20 is higher than that of pressure-
refined CL-20.

According to the above calculated data, the Gibbs free
energy (AG"), activation entropy (AS*), and activation
enthalpy (AH#) of each sample can be calculated by using
formulas (6), (7), and (8) [23]. The results are shown in
Table 2:

# _
AH* =E, - RT,, (6)
“E. KT _AGH
Aexp -2 = P exp , (7)
RT, h RT,
# _ # #
AG* = AH* — T, AS*. (8)
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FiGURre 6: DSC curves of raw CL-20, pressure-refined CL-20, and siphon-refined CL-20.
TaBLE 1: Activation energy and critical temperature of thermal explosion for different samples.
E, (kJ-mol™) = 1 1 o
Sample Kissinger Ozawa Starink E, (kJ-mol™) lg (A/S7) Tpo () T, (O
Raw CL-20 185.78 184.94 185.97 185.56 18.45 503.99 515.89
Pressure-refined CL-20 199.33 197.80 199.46 198.86 19.87 502.68 513.69
Siphon-refined CL-20 197.96 196.47 198.09 197.51 19.82 501.31 512.34

In the formula, K and h are the Boltzmann constant and
the Planck constant, respectively, K =1.381 x 10723 J.K',
h=6.626x107']:s""; T, is the decomposition peak tem-
perature when the heating rate approaches 0.

It can be seen from Table 2 that AG* of all samples is
greater than 0, which means that all samples cannot be spon-
taneous in the process of thermal decomposition. Under nor-
mal storage conditions, the sample will be in a stable state.

The pressure-refined CL-20 has the highest AG*, indicating

that the decomposition products are the most in the reac-
tion process. AH* of pressure-refined CL-20 and siphon-
refined CL-20 are 13.32kJ/mol and 11.97 kJ/mol higher than
that of raw CL-20, respectively, which shows that the refined
CL-20 needs more energy from the outside to produce
chemical reaction.

3.4. The Impact Sensitivity. The impact sensitivity of raw
CL-20, pressure-refined CL-20, and siphon-refined CL-20
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FiGgure 7: The Kissinger fitting lines of raw CL-20, pressure-refined CL-20, and siphon-refined CL-20.
TaBLE 2: Thermodynamic parameters for different samples.
Sample AG (kJ-mol ™) AH (kJ-mol™) AS (J-mol K1)
Raw CL-20 133.16 181.37 95.66
Pressure-refined CL-20 132.88 194.69 122.96
Siphon-refined CL-20 132.22 193.34 121.93

was tested by a self-made impact sensitivity tester. The test
results are shown in Table 3.

As can be seen in Table 3, the characteristic drop height
H, of raw CL-20 is 17.9cm. The impact sensitivity of
pressure-refined CL-20 is 12.6cm higher than that of raw
CL-20, and the impact sensitivity of siphon-refined CL-20
is 14.8 cm higher than that of raw CL-20. The results show
that the impact sensitivity of the particles obtained by using
two kinds of ultrasonic-assisted spray device is significantly
reduced, while the impact sensitivity of siphon-refined
CL-20 is lower than that of pressure-refined CL-20.

TaBLE 3: Impact sensitivity of raw CL-20, pressure-refined CL-20,
and siphon-refined CL-20.

Sample Hy, (cm) Standard deviation
Raw CL-20 17.9 0.047
Pressure-refined CL-20 30.5 0.034
Siphon-refined CL-20 32.7 0.043

The reasons are as follows: raw CL-20 particles have a
rough surface, sharp edges, and uneven size. Under the con-
dition of impact, particles rub with each other, which is easy



to form “explosion hot spot.” However, after recrystallization
and refinement, the surface of the particles is smooth, the
particle size is reduced, and the particles are uniformly dis-
persed. Therefore, as the particle size becomes smaller, the
particle surface area increases, and the probability of “explo-
sion hot spot” between particles decreases, so that the impact
sensitivity will be reduced.

4. Conclusion

In this paper, the submicron CL-20 was prepared by using two
kinds of refining experimental devices. Compared with the
raw CL-20, the particles of pressure-refined CL-20 and
siphon-refined CL-20 are obviously smaller. At the same time,
the particle size of siphon-refined CL-20 is 800 nm~1 pym,
which is more smooth, mellow, and dense than that of
pressure-refined CL-20. The peak diffraction angle of pressure
and siphon-refined CL-20 is basically the same as that of raw
CL-20, and the crystal forms of the three samples are € type. At
the same time, the peak strength of pressure-refined CL-20
and siphon-refined CL-20 decreased obviously. The thermal
stability of pressure-refined CL-20 and siphon-refined
CL-20 is higher than that of raw CL-20, so more energy
needs to be absorbed from the outside to produce chemical
reaction. The thermal sensitivity of the refined CL-20 particles
is improved. The thermal sensitivity of the siphon-refined
CL-20 is higher than that of the pressure-refined CL-20.
The impact sensitivity of siphon-refined CL-20 is lower
than that of pressure-refined CL-20.
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