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In this paper, the ultrafine β-hexanitrohexaazaisowurtzitane (β – CL – 20) particles were prepared by spray drying method. 

The CL – 20 samples were characterized by scanning electron microscope (SEM), particle size analyzer, X-ray diffraction 

(XRD), and Differential Scanning Calorimeter (DSC). Furthermore, the safety properties of samples under impact and 

thermal stimulus were tested and analyzed. The results of SEM showed that the average particle size of ultrafine CL – 20 

particles with a narrow particle size distribution, were about 320 nm, and the shape was elliptical. The XRD patterns 

indicated that the polymorphic phase of ultrafine particles was mainly β-type. Compared with that of raw CL – 20, the 

impact sensitivity of the ultrafine CL – 20 had been decreased significantly, for the drop height (H50) was increased from 

13.0 to 33.5 cm. The critical explosion temperature of the ultrafine CL – 20 decreased from 232.16 ℃ to 227.93 ℃, 

indicating that the thermal stability of the ultrafine CL – 20 is lower than that of raw CL – 20. 
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1. INTRODUCTION 

2, 4, 6, 8, 10, 12 – Hexanitro – 2, 4, 6, 8, 10, 12 –

hexaazaisowurtzitane, which was considered as the 

promising substitute of common energetic materials due to 

its high detonation velocity and energy density [1 – 3], was 

firstly synthesized by Nielsen et al in 1987 [4]. It is well 

known, CL – 20 was used as additional component with 

high energy in solid propellant [5 – 7], NEPE [8] and mixed 

explosives [9 – 11]. Meanwhile, it was expected to be 

wildly used in military and business aspect [12]. Besides, 

CL – 20 was able to be used to explore new formulas and 

product [13, 14]. However, CL – 20 could not have many 

practical applications due to its high mechanical sensitivity. 

Thus, how to obtain a kind of reduced sensitivity of CL – 20 

with fine explosive ability had attracted wide attention. 

Generally, one of the effective approaches to achieve this 

purpose was reducing the particle size of crystals. The 

CL – 20 with smaller size was more insensitive since its 

crystal contained smaller quantity of defects and inclusions. 

When the CL – 20 with nanoscale was obtained, its 

sensitivity would be lower than that of raw CL – 20. So how 

to prepare CL – 20 with reduced sensitivity was the focus in 

the field of high density energetic materials [15]. 

In recent years, many methods were involved to 

prepare energetic materials with high performance, suchas 

solvent-nonsolvent recrystallization [16], micron-emulsion 

[17] and milling [18]. Those methods were valuable to 

obtain ultrafine crystal particles, but there were some 

disadvantages. Milling was a formal way to obtain the 

particle with lower size. But it might create the defects on 

the surface of crystal, which was not recommended for the 

preparation of nanoscale energetic material.When 

microemulsion method was used to prepared nano-CL – 20, 
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it might lead to the complication of progress after 

experiment. The CL – 20 prepared by the solvent- 

nonsolvent recrystallization method had higher surface 

energy, but it showed the unstable thermal properties and 

the tendency of cluster. 

Spraying techniques were used to prepare nanomaterial 

particles [19 – 21]. In this paper, spray drying was 

performed using a reflux condenser and a nebulizer. Using 

a nebulizer to atomize explosive solution to form fog 

droplets, and the fog droplets were sprayed into the inner 

core of the reflux condenser. The hot water was circulated 

by a constant temperature water bath through the outer core 

of the reflux condenser, then the solvent in the fog droplets 

evaporates to get the ultrafine CL – 20 particles. The 

particles size and morphology of the CL – 20 particles 

obtained were characterized, and the thermal stability and 

the mechanical sensitivity were tested and analyzed. 

2. EXPERIMENT 

2.1. Materials 

Raw CL – 20 was provided by Liaoning Qingyang 

Special Chemicals Co., Ltd., China. Acetone, Ethyl acetate 

and Methyl acetate (AR grade) were purchased from 

Tianjing Hengxing Chemical Reagent Company. 

2.2. Experimental setup and progress 

The device of spray drying is shown in Fig. 1. It 

consists of a nebulizer, a reflux condenser, a circulating 

water bath, a cyclone separator, a collection device, a 

pressure control valve, and an air compressor. Fig. 2 shows 

the process mechanism for the preparation of ultrafine 

CL – 20 particles by spray drying. The principle of spray 
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drying can be described as follows: About 1 g raw CL – 20 

was dissolved in solvent, and the solution of CL – 20 was 

poured into the. Meanwhile, the air compressor and the 

pressure control valve were turned on and the input air 

pressure of the air compressor was adjusted. Then the fog 

droplets of explosive solution were formed and sprayed 

from the nebulizer. When the fog droplets passed through 

the the inner core of the reflux condenser, the solvent 

evaporated rapidly. Finally, the particles of the ultrafine 

CL – 20 were collected in the collection device after passing 

through the cyclone separator. 

 

Fig. 1. Spray drying device 

 

Fig. 2. The process mechanism of spray drying 

2.3. Characterization  

S4800 field – emission scanning electron microscope 

was used to characterize particle size and morphology of 

raw CL – 20 and the sample prepared. The equipment was 

manufactured by Hitachi Limitedin Japan. 

The BI – 90 PLUS particle size analyzer was used to 

test the sample of CL – 20 particle size distribution and 

median particle size. It was manufactured by the United 

States Brookhaven Corporation.  

The X-ray diffractometer was used to identify raw 

CL – 20 and the sample prepared. It was manufactured by 

China Dandong Haoyuan Instrument Co., Ltd. Testing 

conditions included target material (Cu) with tube voltage 

of 40 kV, tube current of 30 mA, a 5° start angle, and 50° 

end angle.  

Differential scanning calorimetry (DSC) was carried 

out with Setaram DSC 131 instrument, which was made by 

Setaram of France. In the test, each 0.5 mg sample was 

placed in closed aluminum crucible with 30 𝜇L volume and 

holes in lid. The samples were measured with temperature 

profile of 30 °C to 300 °C and heating rate of 5, 10, 

20 ℃/min in nitrogen atmosphere and flow of 30 mL/min.  

ERL type 12-drop hammer apparatus was used to 

conduct impact sensitivity test according to GJB–772A–97 

standard method 601.3 [22]. Testing conditions consisted 

of drop weight of 2.500 ± 0.002 kg, sample mass of 

35 ± 1 mg, and relative humidity of 50 %. The test results 

were represented by critical drop height of 50 % explosion 

probability (H50). 

3. RESULTS AND DISCUSSION 

3.1. Influencing factors 

In this study, a single control variable method was used 

to discuss the three influencing factors: solvent type, 

evaporation temperature, and solution concentration. The 

spray rate was constant at 2 ml/min. 

3.1.1. Solvent type 

In this study, water bath heating method was used, so 

the boiling point of the chosen solvent should be lower than 

the boiling point of water (100 ℃). According to reference 

acetone, ethyl acetate, and methyl acetate were chosen as 

solvents. The solubility of CL – 20 in different solvents and 

the boiling point of solvents are shown in Table 1. 

Table 1. Solubility of CL – 20 in different solvents and solvent 

boiling point 

Solvent Solubility, g/100ml Boiling point, °C 

Acetone 74.8 58 

Ethyl acetate 40.6 77 

Methyl acetate 50.35 58 

To study the effect of the solvent, the solution 

concentration was 5 %, the acetone system temperature was 

60 ℃, the ethyl acetate system temperature was 80 ℃, and 

the methyl acetate system temperature was 60 ℃. Scanning 

electron microscopy (SEM) was used to characterize the 

morphology of CL – 20 samples. The results are shown in 

Fig. 3.  

As shown in Fig. 3, when the solvent is acetone, 

themorphology of CL – 20 crystal is the best, the particle 

size distribution is narrow and the surface is smooth and 

non–angular. When the solvent is ethyl acetate, the crystals 

are spherical with a few holes on the surfaces, and the 

particle size distribution is uneven. When the methyl 

acetate is used as the solvent, the crystal morphology of 

CL – 20 is not good, and there is a slight agglomeration 

phenomenon with holes on the surfaces of CL – 20 

particles, but the particle size distribution is relatively 

uniform.  

As a result, acetone was used as a solvent in the next 

study. 

3.1.2. Temperature 

To study the effect of temperature, acetone was used as 

the solvent and the solution concentration was 5 %. The 

temperatures were 60 °C, 75 °C, and 90 °C, respectively. 

SEM was used to characterize the morphology of CL – 20 

samples. The results are shown in Fig. 4. 

As shown in Fig. 4, CL – 20 particle size distribution at 

a temperature of 60 ℃ is wider than that of CL – 20 at 75 °C 

and 90 ℃, and the particle size is larger. The difference 

between the particles obtained at the temperature of 75 ℃ 

and 90 ℃ is not significant, the particles are spherical with 

smooth surfaces and the size distributions are uniform. The 
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reasons were as follows: when the temperature is 60 ℃, the 

solvent in the droplets could not be volatilized, resulting in 

mutual collision and agglomeration in the atomization and 

drying. Acetone was volatilized rapidly at 75 ℃ and 90 ℃. 

Meanwhile, the reaction was instantaneously completed at 

the interfaces with the droplets, and the crystals grew in the 

droplets. During this process, there were mutual collision 

and agglomeration in the droplets. 

  

a 

  

b 

  

c 

Fig. 3. CL – 20 particles in different solvents: a – acetone; 

b – ethyl acetate; c – methyl acetate1 

3.1.3. Concentration 

To study the effect of concentration, acetone was used 

as the solvent, the temperature was 75 ℃, and the 

concentrations were 20 %, 10 %, 5 %, and 2 %, 

respectively. SEM was used to characterize the morphology 

of CL – 20 samples. The results are shown in Fig. 5. 

As shown in Fig. 5, the CL – 20 particle size decreases 

as the decreasing of concentration. However, when the 

concentration is less than 5 %, there is little effect on the 

particle size of CL – 20. The reason was as follows: When 

the concentration was 20 %, 10 %, 5 %, the change trend of 

CL – 20 particle size conformed to the trend of particle size 

change under the ideal spray drying model. In the ideal 

model, the relationship between the diameter and 

concentration of explosive particles is: 

d = D(C/ρ)1/3, (1) 

where d is the explosive particle size; D is the droplet size; 

C is the solution concentration; ρ is the explosive crystal 

density. 

 

a 

 

b 

 

c 

Fig. 4. CL – 20 particles in different temperature: a – 60℃; 

b – 75 ℃; c – 90 ℃ 

In this study, the change in particle size was not 

significant when the concentration was less than 5 %. The 

reason was that the separator could not effectively separate 

particles which were too small, causing that the small 

particles were drawn away with the air flow. 

In summary, the best process for preparation of 

ultrafine CL – 20 by spray evaporation method is as 

follows: The CL – 20 solution with a concentration of 5 % 

was spray-evaporated at 75 °C, where acetone was used as 

a solvent, to obtain an excellent CL – 20. 

The CL – 20 obtained under the optimum condition and 

raw CL – 20 are shown in Fig. 6. The morphology of raw 

CL – 20 is complex, with many crystal faces, sharp edges 

and corners, and particle sizes between 50 and 100 μm. The 

nano CL – 20 has a uniform particle size, a spherical shape, 

a smooth surface, a particle size of about 300 nm, and good 

dispersibility. 

3.2. Particle size distribution of nano CL – 20 

The particle size distribution of CL – 20 under optimum 

conditions was tested by a laser particle size analyzer. The 

test results are shown in Fig. 7. 
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a b 

      
c d 

Fig. 5. CL – 20 particles in different concentration: a – 20 %; 

b – 10 %; c – 5 %; d – 2 % 

       

a b 

Fig. 6. Images: a – raw CL – 20; b – nano CL – 20 

From Fig. 7 a, it can be seen that the effective diameter 

of the nano CL – 20 is 322. 1nm, the particle size 

distribution is narrow, and it was more consistent with b. 

(From Fig. 7 b, the average size and particle size 

distribution of CL – 20 are calculated by means of counting 

more than 400 particles from the obtained SEM images via 

the statistics of the Nano Measurer software.) 

3.3. XRD analysis 

XRD was used to evaluate raw CL – 20, and nano 

CL – 20. Fig. 8 presents observed patterns. By using MDI 

Jade 9 and PDF 2009 software, crystal form of raw CL – 20 

is identified as 𝜀-type, and the nano CL – 20 was identified 

as β-type. The nano CL – 20 peak height is significantly 

reduced, and the peak shape is also broadened. This is due 

to the reduction in particle size after refinement, and the 

intensity of the diffraction peak would gradually decrease 

or even disappear as the particle size decreased. 

3.4. Thermal decomposition characterization 

DSC thermographs of raw and nano CL – 20 samples 

are shown in Fig. 9. It can be seen that compared with that 

of raw CL – 20, the exothermic peak temperature of nano 

CL – 20 decreases by 5.97 ℃, 5.88 ℃, and 5.53 ℃ at 

5 ℃/min, 10 ℃/min, 20 ℃/min, respectively. 

 
a 

 
b 

Fig. 7. The particle size distribution of CL – 20: a – the effective 

diameter of the nano CL – 20; b – the average size and 

particle size distribution of CL – 20 

 

Fig. 8. XRD patterns of samples: Raw CL – 20, Nano CL – 20 

The results can be explained by the fact that the surface 

energy, the capacity of heat transmission and the atomic 

vibration capacity of nano powders are higher, which leads 

that the molecules are more active to decompose at lower 

temperature [23]. 

According to the data from Fig. 9, Kissinger formula 

(Eq. 2) [24] and Rogers formula (Eq. 3) [25] were used to 
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calculate the activation energy ( 𝐸𝑎 ) and the frequency 

factors (A) of raw CL – 20 and nano CL – 20. The results 

are shown in Table 2. 

𝑙𝑛 (
𝛽

𝑇𝑝
2) = 𝑙𝑛 (

𝐴𝑅

𝐸𝑎
) −

𝐸𝑎

𝑅𝑇𝑝
 ; (2) 

𝐴 =
𝐸𝑎𝛽

𝑅𝑇𝑃
2 exp (

𝐸𝑎

𝑅𝑇𝑝
), (3) 

where β is the heating rate in K·min–1; Tp is the 

decomposing peak temperature at β in K; A is the frequency 

factor; 𝐸𝑎 is the apparent activation energy in J·mol–1; R is 

the gas constant, 8.314 J·mol–1K–1, K is the decomposition 

rate constant at T. 

 

a 

 

b 

Fig. 9. DSC curves: a – Raw CL – 20; b – Nano CL – 20 

Thermal stability is defined as the capability to 

maintain the characterization about chemical properties 

during the change of thermal. It can be described by critical 

explosion temperature (𝑇𝑏 ), which can be calculated by 

Eq. 4 and Eq. 5. 

𝑇𝑝𝑖 = 𝑇𝑝0 + 𝑏β
𝑖

+ 𝑐β
𝑖
2  ; (4) 

 𝑇𝑏 =
𝐸𝑎−√𝐸𝑎

2–4RE𝑎𝑇𝑝0

2𝑅
 , (5) 

where 𝛽𝑖  is the heating rate in K·min–1; 𝑇𝑝𝑖  is the 

decomposing peak temperature at 𝛽𝑖  in K; 𝑇𝑝0 is the peak 

temperature when β is zero in K; b and c are constants; 𝑇𝑏  

is the critical explosion temperature in K; 𝐸𝑎 is the apparent 

activation energy in J·mol–1; R is the gas constant, 8.314 

J·mol–1K–1. 

It could be illustrated that the thermal sensitivity of 

nano CL – 20 was higher than raw CL – 20. Due to the 

decreasing of the particle size, its specific area was 

increased gradually, and the heating area and reaction 

activity of the particles would be increased. 

Table 2. Thermal decomposition kinetic parameters and 

explosion critical Temperature data of raw CL – 20 and 

nano CL – 20 

Sample 
Ea, 

KJmol–1 
Lg(A/S–1) Tp0, °C Tb, °C 

Raw CL – 20 185 18.4 229.65 232.16 

Nano CL – 20 172 16.8 225.41 227.93 

3.5. Mechanical sensitivity characterization 

Impact sensitivity tests were performed on raw 

CL – 20, nano CL – 20 and Table 3 provides the test results. 

Nano CL – 20 demonstrates a remarkable decrease in 

impact sensitivity in comparison with raw CL – 20. Drop 

height of nano CL – 20 increases by 15.7 cm compared with 

raw CL – 20. Result suggested that the impact sensitivity of 

nano CL – 20 is reduced obviously. This can be contacted 

with the “hot spots” theory. The surface of raw CL – 20 is 

rough relatively, the distribution range of particle size is 

large and the edges of crystal are obvious, which was easy 

to form hot spots under impact stimulus. The particles of 

the nano CL – 20 are sphere with reduced size and there is 

no agglomeration, so the hot spots are not easy to form. 

When nano particles were under impact stimulus, the 

probability to form “hot spots” was reduced, which led to 

lower impact sensitivity. 

Table 3. Impact sensitivity of raw CL – 20 and nano CL – 20 

Sample H50, cm Standard deviation S, cm 

Raw CL – 20 13.0 0.047 

Nano CL – 20 33.5 0.034 

4. CONCLUSIONS 

1. The CL – 20 nanoparticles with fine morphology were 

prepared by spray evaporation method. The particle 

size of the nano CL – 20 was about 320 nm and the 

crystal type was β. The effect of different condition on 

the result of experiment was discussed in this paper. 

2. The activation energy (Ea) and the frequency factors 

(A) of the CL – 20 obtained were lower than those of 

raw CL – 20, and the thermal stability of the nano 

CL – 20 was lower than that of raw CL – 20. 

3. From the results of impact sensitivity test, the impact 

sensitivity of nano CL – 20 was reduced obviously. The 

H50 of the CL – 20 obtained was higher than raw 

CL – 20 by 15.7 cm. 
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