
Research Article
Study on the Influencing Factors of Ultrafine Spherical
RDX during Spray Drying with Low Speed

Wenzheng Xu , Jie Wang, Jinyu Peng, Xin Liang, Hao Li, and Jingyu Wang

School of Environment and Safety Engineering, North University of China, Taiyuan, 030051 Shanxi, China

Correspondence should be addressed to Wenzheng Xu; xuwznuc@126.com

Received 20 October 2018; Accepted 29 January 2019; Published 14 March 2019

Academic Editor: Domenico Acierno

Copyright © 2019 Wenzheng Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cyclotrimethylene trinitramine (RDX, C3H6N6O6) with the size of 400 to 600 nm was prepared by low-speed spray-drying
method. Meanwhile, the crystal morphology, particle size, crystal structure, thermal decomposition properties, and impact
sensitivity properties of the raw materials of RDX and the prepared ultrafine spherical RDX were characterized by
scanning electron microscope (SEM), laser particle size analyzer (LPSA), X-ray diffractometer (XRD), differential scanning
calorimeter (DSC), and impact sensitivity instrument. The factors affecting experimental results were discussed; the size
and morphology of RDX crystals were found to be affected by drying temperature, spray speed, and RDX mass fraction in
solution. The optimal preparation conditions for the ultrafine spherical RDX were studied, and the results showed that the
RDX particles with the best morphology and particle uniformity were prepared when the drying temperature was 90°C,
spray speed was 1ml/min, and the RDX mass fraction in solution was 4%. As a result, the activation energy (Ea) of the
ultrafine spherical RDX was lower than that of raw RDX by 24.52KJ·mol-1, and the characteristic drop (H50) of the
ultrafine spherical RDX was higher by 35.3 cm.

1. Introduction

Nanoscale energetic materials have various advantages, such
as the following: high stability and safety, fast energy release,
and high energy density [1, 2]. Ultrafine spherical energetic
material crystals have the characteristics of smooth surfaces,
regular shapes, and excellent fluidity. Compared with tradi-
tional energetic materials, the performance of detonation,
energy release, safety, and other properties of ultrafine
spherical energetic materials are higher. This series of
improvements in performance had increased the power, reli-
ability, and safety of weapon systems while more applications
were developed [3, 4].

In the current study, the main methods for refining ener-
getic materials were as follows: sol-gel methodologies [5, 6],
chemical recrystallization [7–10], rapid expansion of
supercritical solutions (RESS) [11–14], mechanical ball mill-
ing [15, 16], and supercritical fluid expansion technology
[17–19]. The characteristic drop (H50) of the RDX (cyclotri-
methylene trinitramine) which was prepared by the sol-gel

method by TM was twice higher than the characteristic drop
of raw RDX [5]. Spherical TATB (1, 3, 5-triamino-2, 4, 6-tri-
nitrobenzene) with a particle size of 60nm was prepared by
chemical recrystallization by Yang et al. [11] which uses the
concentrated sulfuric acid as a solvent and water as a nonsol-
vent. Sphere RDX particles with a particle size range of 0.36
to 2.48μm were prepared by Lee et al. [14] with the RESS
process. It was known from the study that the morphology
had a significant effect on the bulk density of the crystal.
Nano-TATB with the average particles size of 58.1 nm
was prepared by high-energy mechanical milling method
by Song et al. [15]. The RDX with a particle size of
500 nm was prepared by the supercritical fluid expansion
technology by Qiu et al., which showed that the shock
wave sensitivity and impact sensitivity were lower than
those of raw RDX [19].

The spray-drying [20–23] method was suitable for the
preparation of heat-sensitive substances due to the stable
preparation process, the convenient operation, and the
products which did not need to be crushed and sieved
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after drying. The spray-drying method was used to pre-
pare the spherical RDX with a particle size of 0.5μm to
4μm by Jingyu et al. [21] with the spray speed of
10ml/min. The measured properties were all higher than
those of the raw material RDX. The spherical RDX with
a particle size of 0.8 to 2.6μm was prepared by Kim
et al. [23] with ultrasonic spray, and the size of RDX crys-
tals was found to be strongly affected by operating param-
eters including RDX concentration and furnace
temperature.

In this paper, the ultrafine spherical RDX particles with
uniform particle size were prepared by changing the process
under the condition of low-speed spray, and the samples
were characterized.

2. Experiment

2.1. Reagents and Instruments. Raw RDX with particle size of
100 μm was produced by Gansu Yinguang Chemical Indus-
try Group Co. Ltd. Analytically pure acetone was supplied
by Tianjin Shentai Chemical Reagent Co. Ltd.

The Hitachi S-4700 cold field emission scanning electron
microscope (FE-SEM, Japan) was used to characterize the
morphology and surface appearance of the ultrafine RDX.
The BI-90PLUS Laser Particle Size Analyzer (Brookhaven
Instruments Corporation) was used to test the particle size
of ultrafine RDX. The DX-2700 X-ray powder diffraction sys-
tem was used to characterize the crystal type of the crystal.

Testing conditions included a target material (Cu) with tube
voltage of 40 kV, tube current of 30mA, a 5° start angle, and a
50° end angle. The DSC-131 differential scanning calorimeter
was used to characterize the thermal decomposition ability.
In the test, each 0.7mg sample was placed in a closed alumi-
num crucible with 30μl volume and a hole in the lid. Samples
were measured with a temperature profile of 30°C to 300°C
with heating rate of 5, 10, 15, and 20°C/min in nitrogen
atmosphere and flow of 30ml/min. An ERL Type 12
drop hammer apparatus was used to conduct impact sen-
sitivity tests according to GJB-772A-97 standard method
601.3. Testing conditions consisted of a drop weight of
5.00± 0.002 kg, sample mass of 35± 1mg, and relative
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Figure 1: Experimental device for preparing ultrafine spherical RDX.
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Figure 2: Schematic of the formation of ultrafine spherical RDX.
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humidity of 50%. Test results were represented by a critical
drop height of 50% explosion probability (H50).

2.2. Experimental Principle

2.2.1. Experiment Procedure. The process of spray-drying
refinement to prepare the ultrafine spherical RDX is shown
in Figure 1. The experimental process was as follows: Firstly,
a certain amount of raw RDX was dissolved in acetone and
stirred at room temperature until completely dissolved. Sec-
ondly, the dissolved RDX solution was poured into the atom-
izer device. 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 droplets of RDX
solution were formed and sprayed from the spray device.
When the droplets passed through the drying tube, the ace-
tone evaporated rapidly due to the high temperature. Finally,
ultraspherical RDX was collected in the collection device
after passing through the cyclone separator.

2.2.2. Particle Formation during Spray and Drying. It was
assumed that the particles was formed under the following
ideal conditions:

(1) The tiny droplets were considered to be approxi-
mately spherical which were sprayed, and the crystal-
lized RDX particles were also considered to be
spherical

(2) During the crystallization process, the RDX in the
tiny droplets was completely precipitated and the
RDX was not carried away with the volatilization of

(a) 50°C (b) 70°C

(c) 90°C

Figure 3: RDX samples prepared at different drying temperatures.

Table 1: Spraying speed and spraying pressure.

Spraying speed (ml/min) 0.625 1 1.93

Spraying pressure (Mpa) 0.05 0.2 0.4
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the solvent; that is, the crystallization rate of the
explosives was 100%.

(3) The volatilization of the solvent and the crystalliza-
tion of RDX were instantaneously completed. In the
process, the crystals grew within the droplets, which
rarely collided and associated with each other

The relationship between the droplet size and the final
particle size could be established:

M1 =
πCD3

6 ,

M2 =
πρd3

6 ,
1

where D is the diameter of a droplet and C is the concen-
tration of the solution, M1 is the mass of the explosive
particles before the reaction, M2 is the mass of the explo-
sive particles after the reaction, d is the droplet

crystallizing after the reaction, and ρ is the crystal density
of the explosive.

According to the assumptions, the mass of the explosive
does not change during the reaction (M1 =M2). The rela-
tionship between the diameter of the droplets and that of
the explosive particles can be obtained from the above
equations:

d =D
C
ρ

1/3
2

It can be seen that the particle size of the explosive
particles is determined by the droplet diameter and the
solution concentration. And the influence of the droplet
diameter is greater than that of the concentration of the
solution. Therefore, the spray condition and the particle
size of droplets are the keys to preparing the ultrafine
spherical particles.

(a) 0.625ml/min (b) 1ml/min

(c) 1.93ml/min

Figure 4: RDX samples prepared under different spray speeds.
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(a) 2 wt% (b) 4 wt%

(c) 8 wt%

Figure 5: RDX samples prepared from different RDX mass fractions.

(a) Raw RDX (b) Ultrafine spherical RDX

Figure 6: SEM images of raw RDX and ultrafine spherical RDX.
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The crystallization process of RDX during spray drying is
shown in Figure 2.

3. Results and Discussion

3.1. Effect of Different Factors on Crystal Morphology

3.1.1. Effect of Different Temperatures on the Crystal
Morphology of RDX.When the spraying speed was 1ml/min
and the mass fraction of RDX in the solution was 4%, the
ultrafine RDX particles were prepared at various drying
temperatures (50°C, 70°C, and 90°C), which are shown in
Figure 3. When the drying temperature was 50°C
(Figure 3(a)), the RDX particles were generally larger with
irregular shapes and the size of particles was not uniform.
When the drying temperature was 70°C (Figure 3(b)),
some large-size RDX particles were obtained but signifi-
cantly less than those at 50°C and the shapes of the
RDX particles were regularly spherical and ellipsoid. When
the drying temperature was 90°C (Figure 3(c)), the average
size of RDX particles was 500nm and the particle size dis-
tribution was narrower. At this time, the shapes of the
RDX particles were spherical.

The results showed that the best drying temperature
for the experiment was 90°C. At this temperature, the
obtained RDX had the best morphology and the size of

the particles was uniform. The reason was that the evapo-
ration rate of the solvent increased with the increasing of
the drying temperature and the RDX particles dried out
when the solution droplets had not yet agglomerated.
Therefore, the obtained RDX particles with a small particle
size were uniform and spherical. When the drying temper-
ature was lower, some parts of the solution droplets
agglomerated without instantaneous drying, the size of
the obtained RDX particles was nonuniform and large.
The result showed that the drying temperature was an
important factor affecting the shape and size of the RDX
particles. Considering the safety of the experiment, 90°C
was the highest temperature that could be set for this
experiment due to the fact that air was used as the drying
medium in this experiment.

3.1.2. Effect of Different Spraying Speeds on the Crystal
Morphology of RDX. In this experiment, we controlled the
spraying speed by controlling the spraying pressure. The
comparison between the two is shown in Table 1.

When the drying temperature was 90°C and the mass
fraction of RDX in the solution was 4%, the ultrafine RDX
particles were prepared in the various spraying speed condi-
tions (0.625ml/min, 1ml/min, and 1.93ml/min), which are
shown in Figure 4. When the spraying speed was
0.625ml/min (Figure 4(a)), more RDX particles with irregu-
lar shapes and large size were formed. When the spraying
speed was 1ml/min (Figure 4(b)), the size of RDX particles
obtained was uniform and the shape was spherical. When
the spraying speed was 1.93ml/min (Figure 4(c)), obvious
agglomeration was observed among the RDX particles and
some of the agglomerated large-size RDX particles were
obtained. The reason was as follows: when the spraying pres-
sure was too much, the gas flow rate was high and the pres-
sure on the droplets was increased which caused adjacent
droplets to agglomerate. Meanwhile, the RDX droplets
entered the collection device when they passed through the
drying tube due to the high gas flow rate. Under the erosion
of the unevaporated solvent, some of the RDX particles were
stuck. When the spray pressure was too low, the spray effect
was poor, resulting in larger droplets which formed the RDX
particles with a larger size after drying. Thus, 0.2Mpa was the
best spraying pressure and 1ml/min was the best spraying
speed in the experiment.

3.1.3. Effect of Different RDX Mass Fractions on the Crystal
Morphology of RDX. When the drying temperature was
90°C and the spraying speed was 1ml/min, the ultrafine
RDX particles were prepared at various RDX mass fractions
in the solution, which are shown in Figure 5. It could be
observed from Figure 5(a) that the particle size uniformity
was poor and there was an adhesion phenomenon when
the mass fraction of RDX was 2.0wt%. Figure 5(b) showed
that the RDX particles with a high size uniformity and a
spherical shape were obtained when the mass fraction of
RDX was 4.0wt%. When the mass fraction of RDX was
8.0wt% (Figure 5(c)), the RDX particles with irregular shapes
and larger size were obtained. The reason of those results was
as follows: when the RDX mass fraction in the solution was
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Figure 7: Particle size distribution curve of ultrafine spherical RDX.

10 20 30 40 50

10
0

500
1000
1500

200
2500
2000
4000
6000
8000

Re
la

tiv
e S

tre
ng

th
Re

la
tiv

e S
tre

ng
th

10000

20 30
2�휃 (°)

40 50

Raw RDX
Ultrafine RDX

Figure 8: X-ray diffraction patterns of raw material RDX and the
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too large, the content of the RDX in each droplet after the
spray was much higher and the RDX particles obtained
after drying were larger in size and irregular in shape.
When the RDX mass fraction in the solution was too
low, the RDX particles were eroded more easily by the
excess solvent after drying. Therefore, 4wt% RDX/acetone
was the best RDX mass fraction in the solution for this
experiment.

Raw RDX (Figure 6(a)) and the ultrafine spherical RDX
(Figure 6(b)) (drying temperature 90°C, spraying speed
1ml/min, and mass fraction of explosive solution 4%) are
shown in Figure 6.

3.2. Particle Size Analysis. Under the optimum conditions
(drying temperature of 90°C, spray speed of 1ml/min, and
RDX mass fraction in solution of 4%), the particle size distri-
bution of ultrafine spherical RDX particles was characterized,
as shown in Figure 7.

As shown in Figure 7, the median diameter of the
ultrafine spherical RDX was 517nm, and the particle size
distribution was narrow. Meanwhile, it could be seen from
Figure 6(b) that the ultrafine spherical RDX prepared had a
particle size range of 400-600 nm, an obvious spheronization
effect, and a smooth surface.

3.3. Crystal Analysis. The XRD patterns of raw RDX and the
ultrafine spherical RDX prepared by spray drying are shown
in Figure 8.

It could be seen that the resulting diffraction angle and
peak of the ultrafine spherical RDX could be mapped to those
of the diffraction pattern of raw RDX, which indicated that
the crystal type of ultrafine RDX was α-type. The peak value
of the ultrafine spherical RDX was lower than that of raw
RDX, and the shape of the peak was broadened, which con-
cluded that the particle size of RDX had been significantly
reduced after refinement.

3.4. Thermal Performance Analysis. At the heating rate β of
5°C/min, 10°C/min, 15°C/min, and 20°C/min, the thermal
ability of raw RDX (Figure 9(a)) and the ultrafine spherical
RDX (Figure 9(b)) prepared by spray drying were tested
and the results are shown in Figure 9.

It could be observed that the DSC curves of the ultrafine
spherical RDX prepared by spray drying were basically con-
sistent with those of raw RDX. For the same heating rate,
the decomposition peak temperature of ultrafine spherical
RDX was slightly lower than that of raw RDX. For different
heating rates, the decomposition peak temperatures of raw
RDX and the ultrafine spherical RDX were increased with
the increase of the heating rate.

Kissinger [24] formula (3) and Rogers and Dauh [25] for-
mula (4) were used to calculate the activation energy (Ea) and
the frequency factors (A). A straight line was obtained and is
shown in Figure 9 when ln βi/T2

pi was plotted against 1/T .
From the slope and the intercept of the straight line, the
apparent activation energy and the preexponential factor
could be calculated; the Kissinger fitting degree of raw RDX
(Figure 10(a)) and the ultrafine RDX (Figure 10(b)) were
more than 99%, indicating that the measurement data was
accurate and reliable. The results are shown in Table 2.

ln βi

T2
pi

= ln AR
E

−
E

RTpi
, 3

A = Eβi

RT2
pi

exp E
RTpi

, 4

where βi is the heating rate (K·min-1), Tpi is the decomposi-
tion peak temperature of the explosive at heating rate βi, A
is the preexponential factors (min-1), R is the gas constant
(8.314 J·mol-1·K-1), and E is the apparent activation energy
(J·mol-1).
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According to the activation energy and preexponential
factors of different materials, the critical temperature of the
thermal explosion was calculated by formulas (5) and (6),
respectively [26]. The calculation results fare shown in
Table 1.

Tei = Te0 + bβi + cβ2
i + dβ3

i , i = 1, 2,… , 5, 5

Tb =
E − E2 − 4RETε0

2R
6

The thermal decomposition kinetic parameters of the
ultrafine spherical RDX and raw RDX are shown in
Table 2. It could be seen that the apparent activation energy
of the thermal decomposition of the ultrafine spherical
RDX was lower than that of raw RDX and the frequency fac-
tors were also lower correspondingly. The critical tempera-
ture of the explosion of the ultrafine spherical RDX was
slightly lower than that of raw RDX. The reason was as fol-
lows: when compared to raw RDX, the particle size of the
RDX after refinement was significantly reduced. Besides,
the particles with regular sphere shapes were obtained, which
caused that the specific surface area to become larger and the
heat transfer rate to become faster. Therefore, the activation
energy was significantly decreased. The activation energy of
spherical RDX prepared by spray drying by Shi Xiaofeng
was 183.87KJ/mol (the particle size was 0.5-5μm), which
was 18.5KJ/mol lower than raw RDX; the result was consis-
tent with this study. However, the activation energy of ultra-
fine spherical RDX obtained in this study was lower, which
indicated that the ultrafine spherical RDX prepared in this
study had smaller particle size, higher sphericity, and more
uniform particle size distribution.

3.5. Impact Sensitivity Analysis. The results of the impact test
are shown in Table 3. The ultrafine spherical RDX was pre-
pared under the optimum conditions (drying temperature
of 90°C, spray speed of 1ml/min, and RDX mass fraction in
solution of 4%).

As can be seen from Table 3, the H50 of the ultrafine
spherical RDX was decreased by 35.3 cm compared to raw

RDX, and the impact sensitivity was greatly reduced. The
reason was as follows: the particle size of the ultrafine spher-
ical RDX was smaller than that of raw RDX, and the crystal
shape of the RDX particles obtained was a regular sphere.
Moreover, the particle size was uniform and the dispersibility
was fine. And the pore radius was much smaller than that of
raw RDX. Therefore, the impact sensitivity of the ultrafine
spherical RDX was much lower than that of raw RDX. The
impact sensitivity of spherical RDX refined by spray drying
by Shi Xiaofeng was also significantly lower than that of
raw material RDX, and the H50 were 51.7 cm. This was con-
sistent with the result of this study.

4. Conclusion

In this paper, ultrafine spherical RDX was prepared by the
spray-drying method with low spraying speed and the opti-
mum experimental conditions were concluded. The ultrafine
spherical RDX prepared under the optimum experimental
conditions had a narrow particle size distribution of
400-600 nm. The crystalline phases of the ultrafine spherical
RDX and raw RDX were consistent, which indicated that
the crystal structure of RDX was not changed during the pro-
cess. The thermal decomposition apparent activation energy
of ultrafine spherical RDX was slightly lower than that of raw
RDX due to the fact that the particle size of the ultrafine
spherical RDX was significantly lower than that of raw
RDX. And the impact sensitivity of the ultrafine spherical
RDX was much lower than that of raw RDX, which made
the ultrafine spherical RDX more secure. Therefore, ultrafine
spherical RDX can be used in propellants and insensitive
booster explosives, and it has the potential to be used sustain-
ably in energetic materials.
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