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Abstract: Ultrafine CL-20 particles and three CL-20-based composites
were prepared by a compressed air spray evaporation method.
All samples were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), differential scanning calorimetry (DSC) and mechanical
sensitivity instruments. The results indicated that the thermal stabilities
of the CL-20-based composites are better than that of ultrafine CL-20, and that
the mechanical sensitivities of ultrafine CL-20 is lower than those of CL-20-based
composites. The thermal stability and safety properties of CL-20/Estane 5703
are better than the other samples.
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1 Introduction

One of the main objectives of the development of high density energetic
materials is to have higher energy and lower sensitivity [1]. Due to its superior
performance, 2.,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisoowurtzitane
(CL-20) is regarded as the next generation of high-energy materials [2-4].
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CL-20 has significantly greater energy and higher density than similar
HMX-based compositions. Despite its outstanding energetic characteristics,
the application range of CL-20 is still limited by its high mechanical sensitivity
(impact sensitivity, friction sensitivity and static spark sensitivity etc.)
and its easy crystal transformations [5, 6].

In recent years, reducing the mechanical sensitivity of CL-20 by different
methods has aroused increasing academic interest. On the one hand,
when the particle size of CL-20 is reduced, it becomes less sensitive
and its decomposition rate decreases. Ultrafine CL-20 particles have lower
sensitivity, high energy density, good stability and rapid energy release [7].
Hence, various methods have been reported for preparing energetic nano-
materials [8-13], such as grinding, milling, solvent-nonsolvent recrystallization,
micro-emulsions, rapid expansion of supercritical solutions, sol-gel methods
and vacuum co-deposition. On the other hand, formulations of conventional
plastic bonded explosives can solve, to some extent, the problem of high sensitivity
of CL-20. It should be noted that the surface coverage and mechanical strength
are poor, and the morphology with large particles is inferior when the CL-20-based
composites are prepared by the widely used water suspension method.
These unfavorable factors may cause poor desensitization and structural
instability in practical applications [14]. Therefore, how to combine these
two aspects to prepare micro- or nanometer-sized composite particles is a difficult
and meaningful problem. Fortunately, many researchers have shown that
nanometer-sized spherical explosive particles, coated with a small amount
of binder, can be prepared by a single-step, spray drying process [15-17].

Spray drying techniques are widely utilized to manufacture spherical
nanosized particles. In recent years, many different types of inorganic
nanoparticles [18, 19] have been prepared using spray drying. In the energetic
materials field [20-22], the spray drying method is rarely used to manufacture
nanosized explosives. In the present work, we prepared ultrafine CL-20
particles, and CL-20/Viton A, CL-20/AR-71 and CL-20/Estane 5703 composites
by spray drying. Furthermore, the properties of these samples were characterized
and analyzed in detail.

2 Experimental

2.1 Materials
Raw CL-20 was provided by Liaoning Qing Yang Special
Chemicals Co., Ltd., China. Ethyl acetate (analytical reagent) was purchased
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from Tianjin Tian da Chemicals Co., Ltd., China. AR-71 was purchased from
the ZEON Company of United States. Viton A was purchased from Huizhou
HaoYuan Plastic Raw Material Co., Ltd, China. Estane 5703 was purchased
from Guang Dong Ming Ju Plastic Raw Material Co., Ltd, China.

2.2 Formation mechanism

The formation mechanisms of ultrafine CL-20 particles and the CL-20-based
composite particles are similar. As shown in Figure 1, the formation
of CL-20-based composites was by the compressed air spray evaporation method.
Firstly, raw CL-20 and the binder were dissolved in ethyl acetate to form
an homogeneous co-solution, and this co-solution was then transferred into
a compressed air atomizing device. Compressed air through a small nozzle
was used to form a high-speed jet which was streamed to generate a negative
pressure to spray the mixed solution onto the fogging baffle. Due to the high-
speed impact of the surrounding splash, the solution was transformed into
droplets which were ejected from the spray outlet. These droplets were heated
by the circulating heating device and caused the solvent to be evaporated.
CL-20-based composites with a uniform and dense spherical form were formed.

T i)
) _Contact hotair m % Evaporation %M% Further evaporation @ %

—_— —
Solvent g

CL-20 E :kz’\ _;%" Composite
Binder Particles

Figure 1. The formation mechanism of CL-20-based composites by compressed
air spray evaporation

Spraying

2.3 Preparation of ultrafine CL-20 particles and CL-20-based
composites

The experimental device for preparing ultrafine CL-20 particles and the
CL-20-based composites by compressed air spray evaporation is shown in
Figure 2. The experimental procedure was as follows: both raw CL-20 (2.0000 g)
and the binder (0.0408 g) were dissolved in ethyl acetate (20 cm?) to form an
homogeneous co-solution. The mass ratio of raw CL-20 to the binder was 98:2.
As shown in Figure 2, the co-solution was poured into the atomization device.
Meanwhile, the air compressor and the pressure control valve were opened to
adjust the input air pressure of the compressor to 0.3 MPa. The droplets were
then formed and sprayed from the atomization device at 1 cm?*/min. The droplets
were sprayed into the drying tube and the solvent was rapidly evaporated. The
temperature of the circulating heating device was 80 °C. Finally, the CL-20-based
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composite particles were collected in the collection device after passing through
the cyclone separator. The procedure for preparing ultrafine CL-20 particles
was the same as for the preparation of the CL-20-based composite particles,
the only difference being that a binder were not included when preparing
ultrafine CL-20.

Atomization
device

Drying tube Pressure

control valve
Cyclone
separator
Circulating —
water bath

N

Figure 2. The experimental device for compressed air spray evaporation

CBllastsh Air compressor

device

2.4 Characterization

An SU8010 field-emission scanning electron microscope was used to characterize
both the particle size and the morphologies of the ultrafine CL-20 particles
and the CL-20-based composite particles. This equipment was manufactured
by Hitachi Limited in Japan.

An X-ray diffractometer was used to identify the ultrafine CL-20 particles
and the CL-20/binder composite particles. It was manufactured by China
Dandong Hao Yuan Instrument Co., Ltd. The testing conditions included target
material (Cu) with a tube voltage of 40 kV, a tube current of 30 mA, a 5° start
angle and a 50° end angle.

The thermal decomposition characteristics of the samples were measured
on a differential scanning calorimeter (DSC-131, France Setaram Corporation,
Shanghai, China). The test conditions were as follows:

—  nitrogen atmosphere: flow rate 30 cm?*/min,
— sample mass 0.7 mg,

—  ALOs; powder as reference material,

— the heating rates were 5, 10, 15, 20 °C/min.

The impact sensitivity was tested by a type 12 drop hammer apparatus
according to GJB-772A-97 standard [23], method 601.3. The test conditions
consisted of a drop weight of 2.500 +0.002 kg, a sample mass of 35 =1 mg,
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at a relative humidity of 50%. A testing result was represented by a critical
drop height of 50% explosion probability (Hso).

The friction sensitivity was tested with a WM-1 pendulum friction apparatus
according to GJB-772A-97 standard [23], method 602.1. The test conditions
consisted of a pendulum weight 1.5 kg; a swing angle of 66 £1°; a pressure
2.45 £0.07 MPa; sample mass 20 1 mg; and test number 25. The friction
sensitivity is expressed as the explosion probability (P).

3 Results and Discussion

3.1 SEM characterization

Figure 3 shows the SEM morphologies of ultrafine CL-20 and the CL-20

based composites. As may be seen:

—  the ultrafine CL-20 particles are a regular spherical shape without obvious
defects on a smooth surface and with a narrow crystal size distribution
0f 200-300 nm (Figure 3(a)),

— the CL-20/Viton A composite particles are a regular spherical shape,
and the particles are mainly distributed between 2 and 5 um, and have a rough
surface with holes (Figure 3(b)),

—  the CL-20/AR-71 composite particles are a regular spherical shape, the particle
size is uneven and dispersed, and there is slight agglomeration (Figure 3(c)),

— the CL-20/Estane 5703 composite particles are a regular spherical shape,
and the particle size is concentrated in the range of 1-2 um. The dispersion
is better and the particles are dense (Figure 3(d)).
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Figure 3. SEM images of (a) ultrafine CL-20 and (b-d) the CL-20-based
composites (see text for identification)
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3.2 XRD characterization

As temperature changes can cause phase changes in explosives [24-26], XRD
was used to evaluate the ultrafine CL-20 and CL-20-based composites. The
crystal structures of raw CL-20, ultrafine-CL-20 and the CL-20-based composites
were investigated by their powder XRD patterns, which are shown in Figure 4.
Raw CL-20 displayed three characteristic diffraction peaks at 12.6°, 13.8°, and
30.3°, which corresponds to the (11-1), (200), and (20-3) crystal faces 20 of
the e-phase (PDF Card 00-050-2045). Ultrafine-CL-20 and the CL-20 based
composites exhibited different XRD patterns, and it was found that the patterns
exhibited strong diffraction peaks at 13.6°,24.1°, and 28.2°, which correspond to
the (111), (212), and (132) crystal faces of the f-phase (PDF Card 00-052-2432).
These results can be explained by Ostwald’s rule [27] and solvent-mediated phase
transitions (SMPT) [28, 29]. The recrystallization process of CL-20 involves
a crystallizing process from solution. Thermodynamically, this tends to form
the lowest free energy and most stable e-crystal form; but in terms of kinetics,
the formation and growth rates of metastable f-nuclei at the beginning are much
faster than those of the e-stabilized crystal form. So that the metastable crystal
form is precipitated initially from solution. As the crystallization proceeds,
g-nucleation begins to grow, causing the concentration of the solution to decrease,
and the metastable crystals to gradually dissolve, while the steady state crystals
continue to grow. Finally, e-CL-20 was obtained. But by the compressed air
spray evaporation method, the solvent is evaporated rapidly, and the conditions
for SMPT disappeared. Finally we obtained S-CL-20.
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Figure 4. XRD patterns of raw CL-20, ultrafine CL-20 and the CL-20-based
composites
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3.3 Thermal decomposition characterization

Probing the kinetic and thermodynamic parameters is very important
in mastering the thermolytic properties of energetic materials. Here, DSC traces
of ultrafine CL-20 and the CL-20-based composites were obtained at different
heating rates (Figure 5) and were used to calculate these parameters (Table 1).
These DSC graphs show that the decomposition temperature and the heat output
keep rising with increasing heating rate, from 5 to 20 °C/min.
In addition, at the same heating rate, the exothermic peak temperatures
of ultrafine CL-20 and the CL-20-based composites changes only slightly,
indicating that the binder has no significant effect on the decomposition peak
temperature of CL-20, and that the binders are compatible with CL-20.
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Figure 5. DSC curves of as-prepared samples collected at different heating
rates for (a) ultrafine CL-20, (b) CL-20/Viton A, (c) CL-20/AR-71,
(d) CL-20/Estane 5703

From the four exothermic peak temperatures at different heating rates,
the Kissinger method [30] (Equation 1) and Rogers’ method [31] (Equation 2)
can be used to calculate the thermal decomposition kinetic parameters,
activation energy (£, ) and pre-exponential factor (4), of ultrafine CL-20
and the CL-20-based composites.

ln(ﬁz]zln(ﬁj— E, (1)
T, E, RT,

_ Ep E,
A RT; exp(RTpJ (2)

where T, is the temperature of the exothermic peak in the DSC curve [K],
p is the heating rate [K/min], E, is the activation energy [J/mol], 4 is the pre-
exponential factor, and R is the gas constant, 8.314 J/(mol-K).
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From Table 1, the E, values of CL-20/Viton A, CL-20/AR-71, and
CL-20/Estane composites were 218.26, 243.10 and 252.45 kJ/mol, respectively.
Compared to ultrafine-CL-20 (E, = 186.42 kJ/mol), the E, values of the
CL-20-based composites were increased by 31.84, 56.68 and 66.03 kJ/mol,
respectively. The plots of In(f/T,?) against 1/T, were straight lines for all samples
(Figure 6). Figure 6 shows that the plots for the CL-20-based composites
were close to that for ultrafine CL-20. This means that they undergo similar
decomposition reactions.

Thermal stability is another important property of an explosive,
which can be reflected in its shelf life. This can be expressed by its critical
temperature of thermal explosion (7%), which is defined as the lowest
temperature at which a specific charge may be heated without undergoing thermal
runaway [32]. In order to obtain the 7;, values for these samples, Equations 3
and 4 were used [33, 34].

T,=T,+bB +cf +df i=1,2,3,4 3)
. E,—\E;—-4RET,, A
b= R 4)

where T is the extrapolated onset temperature at the heating rate closest to 0 K;
and 7y is the critical explosion temperature [K]. The 7}, and 7}, were calculated
and are listed in Table 1.

Table 1.  Thermal explosion and critical temperature data for ultrafine CL-20
and the CL-20-based composites

Kinetics Thermal stability Thermgggnamlc

Samples £ o T T AG N
[kJ/mol] [K] K] [kJ/mol] | [kJ/mol]

Ultrafine CL-20 186.42 |37.93 [492.60| 503.93 | 153.76 | 182.32
CL-20/Viton A 218.26 | 45.65[498.07| 505.90 | 153.34 | 214.12
CL-20/Estane 5703 | 252.45 | 58.69 |501.68 | 509.60 | 132.72 | 248.29
CL-20/AR-71 243.10 | 56.53 [499.97| 508.13 | 132.73 | 238.94

As is illustrated in Table 1, the T}, of ultrafine CL-20, and the CL-20/Viton A,
CL-20/AR-71 and CL-20/Estane 5703 composites were 503.93, 505.90, 508.13,
and 509.60 K, respectively. Compared with ultrafine CL-20, it was easily
found that the 7} values of the CL-20-based composites were increased
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by 1.97, 4.20 and 5.67 K. This shows that the critical explosion temperature
of the CL-20-based composites is practically higher than that of ultrafine CL-20.

The decomposition of ultrafine CL-20 and the CL-20-based
composites complies with the decomposition mechanism of monomolecular
energetic materials. That is to say, the molecule originates from the activation
and rupture of its weakest bond. This course dominates the entire decomposition
process and can be depicted by the parameters of activation enthalpy (AH?)
and activation free energy (AG?), which are calculated by Equations 5 and 6 [35].

-F k., T -AG”
Aex “—=_8 ex 5
P RT h P RT )
AH" =E, - RT,, (6)

where kg and h are the Boltzmann (kg = 1.381-10* J/K) and Planck constants
(h = 6.626-103* I/s), respectively. AH? is the energy that the molecules must
absorb to change from the common state to the activated state; thus, the value
of AH* was much closer to that of E, for each sample. Comparing the data in
Table 1, we found that ultrafine CL-20 need the lowest energy for activation,
i.e. ultrafine CL-20 is the easiest to be activated. CL-20/Estane 5703 needs the
highest energy for activation. AG” is the chemical potential of the activation
course. For all samples, the values of AG* were positive numbers. This means
that none of the activation processes proceeded spontaneously. In summary, the
thermal stabilities of the CL-20-based composites are therefore slightly better
than that of ultrafine CL-20. CL-20/Estane 5703 has the best thermal stability.
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3.4 Mechanical sensitivity characterization

Mechanical sensitivity is a challenge in an explosive’s detonation under
mechanical actions, such as impact and friction. Under normal circumstances,
the special height (Hso) of impact and the explosion probability (P) of friction
reflect the sensitivity of an explosive, the higher the Hs, or the lower the P, the less
sensitive the explosive, and thus higher safety. As shown in Figure 7(a), the Hs,
of ultrafine CL-20 was 21.5 cm. The Hs, values of CL-20/Viton A, CL-20/AR-71
and CL-20/Estane 5703 were increased by 6.16, 11.12 and 14.30 cm, respectively.
For the friction sensitivity, the P value of ultrafine CL-20 was 96%; the P values
of CL-20/Viton A, CL-20/AR-71 and CL-20/Estane 5703 changed from 96%
to 96%, 88%, and 84% (Figure 7(b)), respectively. The mechanical sensitivities
of the CL-20-based composites were reduced significantly. At the same time,
we found that Estane 5703 is superior to Viton A and AR-71 in reducing the
mechanical sensitivity of CL-20.

In theory, when the tiny pores and voids are subjected to adiabatic compression,
there would be a very fast elevation of the temperature inside the pores.
When the temperature exceeded the critical temperature, hot spots
would be formed [36]. Hot spots can cause thermal decomposition or even
explosion of explosives. Therefore, the mechanical sensitivity test results
can be explained well by the critical explosion temperature. The lower the critical
explosion temperature, the easier it is for hot spots to form and the lower
the safety of the explosive.
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Figure 7. (a) Impact- and (b) friction sensitivities of the explosive samples

4 Conclusions

Ultrafine CL-20 and CL-20-based composites were successfully prepared
by the compressed air spray evaporation method. The thermal stability of the
CL-20-based composites was found to be better than that of ultrafine CL-20,
and the mechanical sensitivity of ultrafine CL-20 was higher than that of the
CL-20-based composites. Compared with ultrafine CL-20, these CL-20-based
composites have better thermal stability and safety. In addition, the sample
of CL-20/Estane 5703 exhibited excellent thermal stability and safety
properties. Estane 5703 is thus very suitable as the binder in CL-20-based plastic
bonded explosives.
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