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A new one-step granulation process for preparing high melting explosive- (HMX-) based PBX was developed. HMX/F2602
microspheres were successfully prepared by using HMX and F2602 as the main explosive and binder, respectively. The particle
morphology, particle size, crystal structure, thermal stability, and impact sensitivity of the as-prepared HMX/F2602 microspheres
were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), laser particle size analyzer, differential
scanning calorimetry (DSC), and impact sensitivity test, respectively. The SEM analysis indicated successful coating of F2602 on
the surface of HMX, and the resulting particles are ellipsoidal or spherical with a median particle size of 940 nm; the XRD analysis
did not show any change in the crystal structure after the coating and still has 𝛽-HNX crystal structure; according to the DSC
analysis, HMX/F2602 prepared by the new method has better thermal stability compared to that prepared by the water suspension
process.The impact sensitivity of HMX/F2602 prepared by this one-step granulation process decreased, and its characteristic height
H50 increased from 37.62 to 40.13 cm, thus significantly improving the safety performance. More importantly, this method does not
need the freeze-drying process after recrystallization, thus increasing the efficiency by 2 to 3 times.

1. Introduction

HMX is the elemental explosive produced with the highest
detonation velocity and the best comprehensive properties
[1]. Its good thermal stability and the high melting point not
only can make it be used as ammunition alone or mixed with
TNT for high power missile warheads and rockets but also
can replace ammoniumperchlorate as the propellant oxidizer
[2]. But it has high impact sensitivity and it is easy to blast. So
there are a lot of potential safety problems in the process of
production, storage, and transportation. All of these defects
restrict the application range of HMX.

Therefore, in order to get more applications, HMX must
be taken pretreatment to decrease sensitivity [3]. At present,
coating is the most convenient way to improve the com-
prehensive performance of the explosive. These HMX-based
PBX explosives aremulticomponentmixed explosives, which
are prepared by taking HMX as the main ingredient and
adding a variety of additives to improve the performance.

Currently, fluorine polymer is frequently used as the binder
of PBX [4–6], given its specific advantages, such as higher
burning rates, lower impact sensitivity, and better thermal
stability. There are many preparation methods for mixed
explosives. The commonly used methods are the following:
solution-water suspension method [7], solution suspension
method [8], water suspension distillation coating method [9,
10], extrusion granulationmethod [11], and supercritical fluid
coatingmethod [12]. In 2015, Na and Xu [13] studied the coat-
ingmodification of ACMonHMX throughwater suspension
coating. The prepared particles had larger coating defects.
The distribution of particles was uneven and the particle size
was not uniform. There were a lot of agglomerates and the
coated surface was rough and easy to break up. In 2016, Ji
et al. [9, 10] prepared the HMX/F2602 core-shell composite
microspheres by using spray drying technique. The particle
size distribution of the prepared particles was uniform
and the morphology was regular. But the coating layer
of HMX/F2602 microspheres prepared by this method was
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relatively thin and its effect of reducing the sensitivity is not
obvious.

Themechanismof one-step granulationmethod is similar
to that of spray drying method. It is nitration explosive cov-
erage method integrating the technology of refinement and
coating, but there is a big difference between the two meth-
ods.We use the homemade nozzle tomake high-temperature
steam environment in the five-necked flask, and the whole
experiment process of coating is carried out under the
vacuum state. This increases the flow speed of gas molecules
and fog water vapor in the reaction container. Active gases
and water molecules are in complete contact with the organic
solvent that dissolves the binder and is discharged from the
reaction vessel, driven by high-speedmoving gases and water
molecules and then discharged from the reaction vessel,
driven by high-speed moving gases and water molecules.
This equipment is simple and easy to operate, the safe
performance is obviously improved, and the test cost is low.
On the basis of the refinement and coating mechanism of
the fire explosive, through the self-made nozzle and pressure
device, and on the basis of ensuring that the crystal structure
of explosives does not change, combining the refinement
and coating of explosives can solve some of the problems
in existing HMX coating; for example, the coated particle
size is larger, the particles are distributed unevenly, and the
effect of reducing the sensitivity is poor. More importantly,
we effectively solve the problems of thin coating layer and
the bad effect of reducing the sensitivity when using spray
dryingmethod. Ourmethod provides certain reference value
for the development of high-energy low-sensitive explo-
sives.

This paper introduces a new method to prepare the
HMX/F2602 microspheres. Second, the microstructure and
performance of the coated HMX are characterized. Besides,
the HMX/F2602 shows enhanced thermal stability and
reduced impact sensitivity. More importantly, the entire coat-
ing process eliminates the process of HMX refining and dry-
ing, and the work efficiency increased by 2 to 3 times.

2. Experiment Parts

2.1. Materials. HMX was provided by Gansu Yinguang
Chemical Industry Group Co., Ltd.; dimethyl sulfoxide came
from Liaoyang Chemical Co., Ltd.; ethyl acetate was pro-
vided by Nanjing Chemical Reagent Co., Ltd.; fluorine rub-
ber (F2602) came from Wu Chen Light Chemical Industry
Research Institute; pure water was provided by pure water
supply of Taiyuan Iron and Steel Co., Ltd.; Samtec ethanol was
provided by Tianjin Chemical Reagent Co., Ltd.

2.2. Preparation of HMX/F2602

2.2.1. Preparation of HMX/F2602 by the Method of One-Step
Granulation Process. The preparation of HMX/F2602 by the
method of one-step granulation process was divided into
three steps in detail. Firstly, pour the HMX solution, the
binder (F2602), and the deionized water at 90∘C into the
homemade spray containers 7, 8, and 9 for use, respectively,
according to MHMX :MF2602 : water = 97 : 3 : 1000; then pour
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Figure 1: Experimental apparatus of the one-step granulation
process.

the distilled water into a homemade five-necked flask accord-
ing to MHMX: Mdistilled water = 1 : 40; meanwhile, control the
stirring speed 𝑅 = 400 rad/min. Secondly, open the self-
made nozzles a and c connected to the spray containers 7
and 9 at an ultrasonic frequency of 50KHZ and an injection
pressure of 0.6MPa. After forming a high-temperature water
vapor environment in the five-necked flask, open the nozzle
b connected to the spray container 8. At this time, the ethyl
acetate dissolving the binder (F2602) was in complete contact
with the high-temperature water vapor and then discharged
from the reaction vessel under the action of the vacuum
pump. The precipitated fog binder fully contacted with the
recrystallized HMX particles and then completed the coating
process. Finally, with the solution standing, suction, and
drying, then get the high quality solid HMX/F2602 particles.
Experimental apparatus is shown in Figure 1: 1, pressure
gauge; 2, vacuum pump; 3, stirrer device; 4, S312 digital stir-
ring hotplate; 5, electric machine; 6, mixture solution; 7–10,
container; 11, connecting device; 12, five-necked flask; 13,
ultrasonic machine; 14, dispenser; 15, air oil-less compressor;
a–c, shower nozzle.

2.2.2. Preparation of HMX/F2602 by the Method of Water
Suspension Process. The process of the preparation of HMX/
F2602 by the method of water suspension process was as
follows: firstly, add 3 g thinning HMX into 120mL distilled
water, and thenmakeHMX-water suspension solution under
stirring; secondly, weigh a certain amount of F2602 and dis-
solve it in ethyl acetate, and prepare them into a solution with
certain concentration; at last, the prepared F2602-ethyl acetate
solutionwas added dropwise into theHMX-water suspension
solution at a uniform speed; stir for 2 h at constant temper-
ature. After vacuuming, sieving, filtrating, washing, freeze-
drying, and other processes, HMX/F2602 were obtained.

For the convenience of comparison, we mark HMX/F2602
prepared by water suspension coating as HMX/F2602-0 in this
paper.

2.3. Characterization. Field emission scanning electron mi-
croscope (FESEM, S4700 Hitachi, Ltd., Japan) was used
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(a) Refined HMX (b) HMX/F2602-0 (c) HMX/F2602

Figure 2: SEM images of different HMX samples.
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(a) HMX/F2602-0
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(b) HMX/F2602

Figure 3: Particle size distribution curves of different HMX/F2602 sample.

to investigate the morphology, size, and microstructure
of capsules. The prepared HMX/F2602 microspheres were
dispersed on conductive carbon adhesive tapes to attach to
a FESEM stub and then gold-coated. The crystal form of
HMX/F2602 microspheres was detected by X-ray powder
diffraction. X-ray diffraction (XRD) ray diffractometer uses
the XRD-2700 ray diffractometer. Instrument parameters are
as follows: Cu target (K𝛼, 𝜆 = 1.54059 Å), tube voltage
for 40 kv, electric current for 30A, the scanning speed for
2∘/min, and the scanning range from 2𝜃 = 10∘∼50∘. The
thermal properties were characterized by a Setaran DSC-131
(Setaram, Hillsborough Township, NJ, USA). The conditions
of DSC were as follows: sample mass: 0.7mg; heating rate: 5,
10, 20K/min; nitrogen atmosphere (flow rate: 20mL/min).
The impact sensitivity test conditions are as follows: drop

weight, 5 kg; sample mass, 35mg. The impact sensitivity of
each test sample was characterized by the drop height of 50%
explosion probability (𝐻50). In this way, higher 𝐻50 value
represents reduced impact sensitivity. The average particle
size and characterization of distribution were determined
by using Hydro2000Mu Melvin Laser Particle Size Analyzer
(British Melvin Instrument Co., Ltd.). The work condition is
using distilled water as dispersion medium.

3. Results and Discussion

3.1. SEMAnalysis. Themorphologies of the resulting samples
weremeasured by SEM, as depicted in Figure 3. It can be seen
from Figure 2(b) that the water suspension process can make
F2602 be successfully coated on the surface of HMX, but the
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Figure 4: X-ray diffraction patterns of different HMX samples.

size of HMX/F2602 particles is bigger and the morphology
is irregular. There exist large coating defects. It can be
seen from Figure 3(a) that the median diameter is 5.84𝜇m,
while, from Figure 2(b), particles obtained by using one-
step granulation process have smaller particle size, smooth
surface, anddense coating layer.HMXparticles are ellipsoidal
or spherical and the crystal form tends to be complete.
And from Figure 3(b), we can see that the median particle
size is 940 nm. The reasons are as follows: on one hand,
according to the bonding mechanism [14] and in the process
of HMX recrystallization refinement, before entering the
nonsolvent,HMXmolecules have a greater degree of collision
with high-speed moving water vapor molecules. After being
sprayed into the nonsolvent, they finishe the second collision
with high-speed rotating nonsolvent solution. This kind of
collision effectively destroys the attraction among particles,
making the thinning HMX particles have smaller size and
the crystal morphology tend to be complete. On the other
hand, according to diffusion theory [15], spraying the binder
through the self-made nozzle makes the diffusion between
molecules more obvious and more intense. Under the action
of external force, the fog binder rapidly contacts with HMX
particles, which avoids the reunion of the particles in a short
time, so the coating effect is better.

3.2. XRD Analysis. To investigate whether the phase trans-
formation of HMX occurred, XRD analysis was carried out.
X-ray diffraction of raw HMX, thinning HMX, and the
HMX/F2602 particles by water suspension process and one-
step granulation process are displayed in Figure 4.

From Figure 4, it can be seen that the morphology of
raw material HMX is 𝛽-HMX, and the diffraction peaks of
the thinning HMX and the prepared HMX-based PBX can
correspond to the diffraction peak position of the raw HMX.
This indicates that, during the coating process, the crystal
formofHMXdoes not change, and the intensity of diffraction
peak of coated particles is weakened. Reasons for this are that,
on one hand, “isotropic” physical properties of amorphous
F2602 make the PBX particles be distributed in random in the
spatial distribution. The periodic arrangements weaken the
intensity of the diffraction of HMX. On the other hand, by
changing the energy effect of the solid-liquid interface as well
as the dynamic factors in the process to improve the stability
of the mechanical properties of the entire coating system,

Table 1: Thermal decomposition kinetic parameters of different
HMX samples.

Sample description Ea/kJ⋅mol−1 log(𝐴/𝑠−1) TP0 Tb

Raw HMX 359.75 33.96 274.07 275.83
HMX/F2602-0 365.23 34.31 274.05 276.18
HMX/F2602 419.34 39.46 276.51 278.04

the explosive crystal surface forms a continuous uniform
polymer binder coating under the intermolecular van der
Waals force. In the 90∘C high-temperature water vapor
environment and under the action of the vacuum pump, the
organic solvent for dissolving the binder is removed. This
makes the mist binder precipitate and have a good contact
with wet explosive particles; thus, polymer particles with
smooth surface and smaller size are obtained. This process
is a physical one, so the crystal structure has not changed.

3.3. Thermal Analysis. Probing the kinetic and thermody-
namic parameters is very important in mastering the ther-
molysis properties of energetic materials. By DSC, we ana-
lyzed thermal performance of thinning HMX and the
HMX/F2602 particles by water suspension coating process
and one-step granulation process, calculated their activation
energy, and made analysis of thermal performance changes
before and after refinement. DSC curve is shown in Figure 5.

According to the three exothermic peaks of particles, the
apparent activation energy, the frequency factor, and the peak
temperature when 𝛽𝑖 is zero were determined by Kissinger’s
method [16, 17]. Furthermore, the thermal stability of explo-
sives can be counted by (2) and (3) [18–20], and the results
are shown in Table 1.

ln( 𝛽𝑖𝑇𝑝𝑖2) = ln(
𝐴𝑅𝐸𝑎 ) −

𝐸𝑎𝑅𝑇𝑝𝑖 , (1)

𝑇𝑝𝑖 = 𝑇𝑝0 + 𝑏𝛽𝑖 + 𝑐𝛽𝑖2, (2)

𝑇𝑏 = 𝐸 − √𝐸
2 − 4𝑅𝐸𝑇𝑝0
2𝑅 , (3)

where𝐸𝑎 is the apparent activation energy;𝐴 is the frequency
factor; T is the absolute temperature; 𝛽𝑖 is the peak tempera-
ture; K is the decomposition rate constant atT;𝑇𝑝0 is the peak
temperature when 𝛽𝑖 is zero (K); 𝑏 and 𝑐 are constants; and𝑇𝑏
is the critical explosion temperature (K).

As can be seen from Table 1, the critical temperature
of thermal explosion 𝑇𝑏 of raw HMX, HMX/F2602-0, and
HMX/F2602 are 275.83∘C, 276.18∘C, and 278.04∘C, respec-
tively. In addition, compared with raw HMX, their 𝐸𝑎
increases by 5.89 and 68.59 kJ⋅mol−1, respectively. It indicates
that the thermal stability of HMX/F2602 particles by one-
step granulation process is superior to not only that of raw
material HMX but also that of HMX/F2602-0 particles by
water suspension process. It can be explained that the thermal
decomposition characteristics of explosives are related to the
particle size [21]. Due to the size effect and surface effect of
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Figure 5: DSC curves of refined HMX (a), HMX/F2602-0 (b), and HMX/F2602 (c).

the HMX/F2602 particles, the heat release rate for HMX/F2602
increases; thus, the critical explosion temperature decreases.

3.4. The Impact Sensitivity. Impact sensitivity is also a key
parameter to evaluate the safety performance of energetic
materials. To investigate the safety performance of the sam-
ples, the test of the impact sensitivity was performed. And the
test results are shown in Table 2:

As can be seen from Table 2, compared with rawmaterial
HMX, the special height (𝐻50) of HMX/F2602-0 by water
suspension and that of HMX/F2602 by one-step granulation
process increases by 17.5 cm and 20.01 cm, respectively, and
the impact sensitivity significantly decreases and the safety
performance has greatly improved. This can be explained by
hot spot theory [22, 23]: on one hand, F2602 was successfully

Table 2: Impact sensitivity of raw HMX, thinning HMX, HMX/
F2602-0, HMX/F2602.

Samples H50/cm Standard
Raw HMX 20.12 0.237
Thinning HMX 33.24 0.512
HMX/F2602-0 37.62 0.392
HMX/F2602 40.13 0.443

coated on the surface of HMX, and certain buffer action
was produced when using drop hammer to impact, which
effectively slows down the formation of hot spot; on the other
hand, uniformparticle size distributionmakes the gap among
particles increases, so the stressed area of HMX particles
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with the same quality increases, reducing the stress con-
centration phenomenon among particles, which effectively
prevents the generation of the local hot spots. So 𝐻50 of
HMX/F2602 particles by one-step granulation process adds
more.

4. Conclusion

The findings in this way provide a simple and convenient
method for preparation of energetic HMX/F2602 solid micro-
sphereswith regular sphericalmorphology, good thermal sta-
bility, and insensitive property. Comparedwith rawHMXand
HMX/F2602-0 prepared by water suspension, the HMX/F2602
prepared by one-step granulation process has a unique core-
shell structure and narrow particle size distribution of 0.4∼
1.2 𝜇m. In the process of preparing HMX/F2602, the HMX
maintains the 𝛽-form, and this means that the one-step
granulation process is an effectivemethod to keep the original
crystal form of energetic materials. Known from the analysis
of DSC, the HMX/F2602 prepared by one-step granulation
process has better thermal stability than other samples.
In addition, the mechanical sensitivity of HMX/F2602 (𝐻50
= 40.13 cm) is lower than that of other samples. More
importantly, one-step granulation process saves the freeze-
drying process after recrystallization and the work efficiency
increases by 2 to 3 times.
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