ROYAL SOCIETY

OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

Catalytic study on thermal decomposition of
Cu-en/(AP, CL-20, RDX and HMX) composite
microspheres prepared by spray drying

’ '.) Check for updates ‘

Cite this: New J. Chem., 2018,
42, 19062

Nai-Meng Song,? Li Yang, {2 *® Ji-Min Han,? Jian-Chao Liu,® Guo-Ying Zhang® and
Hong-Xu Gao®

This paper mainly describes a spray drying method for the preparation of a variety of composite
microspheres of energetic materials, including AP, RDX, B-HMX, and e-CL-20, which are commonly
used in composite modified double base propellants. The composite microspheres were prepared with
catalyst Cu-en to increase the contact area between the energetic materials and the catalyst. The results
of powder XRD and EDX suggest that copper is mainly distributed in the interior of AP and e-CL-20
composite particles, but mainly dispersed on the surface of f-HMX and RDX microspheres. The data of
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the DSC test show that the catalytic effects of the composite microspheres exhibit the best performance,
compared with the simply physically mixed catalyst and the energetic materials. The exothermic peak
temperatures of AP, RDX, B-HMX, and &-CL-20 are reduced to 305.4 °C, 228.6 °C, 280.2 °C and 232.0 °C,
respectively. The results show that the composite microspheres can enlarge the contact area between the
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Introduction

Ammonium perchlorate (AP) and nitramine explosives are
important components of a composite modified double base
(CMDB) propellant, and efforts to make new propellant
complexes to improve the performance have been made in
recent years. AP is one of the commonly used oxidants in
composite solid propellants,’ while hexanitrohexaazaisowurtzi-
tane (CL-20), cyclotrimethylenetrinitramine (RDX) and 1,3,5,7-
tetranitro-1,3,5,7-tetrazocane (HMX) have been used as energetic
materials for the CMDB propellant ingredients.>* The combustion
behavior of the propellant is affected by the thermal decomposi-
tion pattern (AP, CL-20, RDX, and HMX)." In general, the thermal
decomposition properties of AP, CL-20, RDX, and HMX can be
improved through the addition of catalysts.>® The catalytic
efficiency of the catalyst depends on the contact area between
the catalyst and the oxidant or energetic material,’” as the
increased contact area can accelerate a faster decomposition
rate. At present, micro-nanoscale-sized catalysts are prepared to
improve the catalytic efficiency by enlarging their specific surface
area.®® For example, nano-CuO can advance the decomposition
peak temperature of AP and RDX.”’ Unfortunately, a nano-catalyst
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catalyst and the energetic materials thus enabling an enhanced catalytic effect.

is vulnerable to aggregation, which affects its catalytic
performance.®'® However, organometallic complex burning
rate catalysts, such as copper organic chelates, have good disper-
sion properties and can enhance the burning rate significantly.'®
The organometallic complexes can generate the corresponding
nanoscale metal oxide catalysts in situ during the combustion
decomposition process.'' Therefore, the research to optimize
organometallic complex catalysts is a hot research topic.

Besides, the morphology and particle size of the catalyst
have a great influence on its catalytic effect.'> Among the
fabrication methods developed thus far, spray drying is one
of the most common methods for preparing micro spherical
powders, essentially consisting of a one-step method for producing
a powder product from raw materials typically in liquid forms,
such as solution, suspension or paste."** (3,5-DNB)M M micro-
nanospheres with a core-shell structure which could catalyze the
thermal decomposition of AP were successfully produced by
ultrasonic spray drying technology.'® The spray drying technology
can not only control the morphology of microspheroidal compo-
site particles, but the powder prepared by spray drying also has
good dispersion and no agglomeration.

Cu(en),NO; (ethylenediamine, en) is a stable copper-
containing complex with a certain amount of nitrogen in the
molecule and can be used as an energetic catalyst in CMDB
propellants. The preparation of composite microspheres using
catalysts and energetic materials can be a promising way to
improve the thermal decomposition of propellants. This paper

19062 | New J. Chem., 2018, 42, 19062-19069 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018


http://orcid.org/0000-0001-9298-2029
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nj04166k&domain=pdf&date_stamp=2018-11-03
http://rsc.li/njc
http://dx.doi.org/10.1039/c8nj04166k
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ042023

Published on 29 October 2018. Downloaded by University of Hawaii at Manoa Library on 1/17/2019 10:21:56 PM.

Paper

aims to prepare composite microspheres of Cu-en and AP,
CL-20, RDX or HMX by spray drying. XRD, SEM, EDS, and DSC
are used to test the performance of the composite microspheres.

Experimental
Materials and methods

Ethylenediamine (analytical grade) was purchased from Tianjin
Fuchen Chemical Reagent Factory. Ethyl acetate (analytical
grade) and acetone (analytical grade) were purchased from
Beijing Tong Guang Fine Chemicals Company. Cu(NOj3),-9H,0
(analytical grade) was supplied by Sinopharm Chemical Reagent
Co, Ltd, Beijing, China. AP, RDX, B-HMX, and &-CL-20 were
provided by State Key Laboratory of Explosion Science and
Technology (Beijing Institute of Technology). Surface morphology
and microstructure were determined by scanning electron micro-
scopy (SEM, $4800, Hitachi, Japan; operating at 15.0 kV). Thermal
decomposition properties were measured by differential scanning
calorimetry (DSC, CDR-4P, Shanghai Precision & Scientific Instru-
ment Co., Ltd, China) at a heating rate of 10 °C min ™", The powder
diffraction of all samples was investigated by using a Bruker D8
Advance (Bruker, Germany) X-ray powder diffractometer (XRD)
with a monochromatic diffracted beam using Cu-K, radiation as
the X-ray source operated at 40 kV and 40 mA.

Preparation of samples

The Cu-en solution was prepared and characterized according
to the reported literature.'® First, a solid powder of micro-
spherical Cu-en was prepared by spray drying. The Cu-en
powder and AP, RDX, &-CL-20 or B-HMX are dissolved in the
corresponding solvent in a certain mass ratio. The detailed
information of the mixed solution is shown in Table 1.

L-217 (Beijing Laiheng Electronics Co., Ltd) is a type of
commonly used spray drying equipment. The L-217 atomization
method uses a two-fluid nozzle. The droplets produced by such
nozzles have a particle size ranging from 10 pm to 1000 pm."”*8
The product morphology and particle size can be controlled by
adjusting the solution concentration, liquid intake, tempera-
ture, and cyclone wind speed. The wind speed of the cyclone
is 36 m®> h™', and the liquid inlet rate is controlled at
300 mL h™'. The temperature in the preparation process is
shown in Table 2.

In Table 2, T; and T, are inlet air temperature and outlet air
temperature, respectively. The blower here refers to the amount
of wind of the gas ring fan. PUMP is the inlet speed of the
instrument. The temperature of the inlet air is set according to
the boiling point of different solvents. Because of the danger of

Table 1 Formulation of the mixed solutions

£-CL-20/ B-HMX/
AP/Cu-en RDX/Cu-en Cu-en Cu-en
Ratio (g/g)  2:0.02 2:0.02 2:0.02 2:0.02
Solvent Deionized water Acetone Ethyl acetate Acetone
Volume (ml) 100 100 100 150
Class Solution Suspension Suspension Suspension
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Table 2 The spray drying conditions
T (°C) T, (°C)
Cu-en 110 84
AP/Cu-en (AP) 110 86
RDX/Cu-en (RDX) 80 62
B-HMX/Cu-en (B-HMX) 80 62
¢-CL-20/Cu-en (e-CL-20) 90 70

energetic materials, the maximum temperature is set at 110 °C
to ensure the safety of the experiment.*®

Results and discussion
X-ray powder diffraction (XRD) test

In order to study the composition of these composite particles,
the aggregation structures were determined by the XRD method.
The XRD powder diffraction pattern was obtained in the range of
20 = 5° to 60° to provide a clear view of each sample. The XRD data
of individual components and composites are shown in Fig. 1.

Fig. 1(a) shows the comparison of data from the AP group.
Obviously, all the characteristic peaks of AP are in good agree-
ment with the peak of the complex. A careful comparison of the
Cu-en and AP/Cu-en data shows that a characteristic peak of
Cu-en emerges on the diffraction peak map of AP/Cu-en at
26 = 21.50°, but the two strongest peaks of Cu-en at 11.67° and
17.92° do not appear in the complex. Moreover, the characteristic
peaks of Cu-en at 20 = 15.17°, 22.67°, and 30.87° can hardly appear
since they overlap with the peaks of AP. This phenomenon
suggests the good distribution of Cu-en in the particles, because
the well soluble Cu-en can difficultly self-aggregate to form phase
separation, resulting in a good dispersion among the AP complex.
In conclusion, the results demonstrate that the packing mode
of AP is not changed in this composite particle, while the Cu-en
cannot generate phase separation.

The comparison of the diffraction peaks of the e-CL-20
group is shown in Fig. 1(b). Undoubtedly, the peak of e-CL-20
can be found in the corresponding position of &-CL-20/Cu-en.
Although the main peak of Cu-en was not clearly revealed in
e-CL-20/Cu-en, after careful observation of the diffraction peak
of &-CL-20/Cu-en, weak protrusions are found at 20 = 11.54°,
15.01°, 17.80°, and 31.11°. These weak protrusions are at the
same angle as the characteristic peak of Cu-en. It can be
confirmed that this change is caused by doping with Cu-en.
Since the peak position of Cu-en is similar to that of e-CL-20,
and the proportion of &-CL-20 is much higher than that of
Cu-en, the peak of Cu-en is not obvious in the composite. There
is a small peak at 20 = 22.48° in &-CL-20/Cu-en, which corre-
sponds to the peak of 20 = 22.67° in Cu-en. Combining this
evidence comprehensively, we can conclude that Cu-en exists as
a larger domain in this complex.

Fig. 1(c) shows the results of the RDX group. Comparing the
data of RDX and RDX/Cu-en, it can be found that diffraction
peaks of RDX can be clearly found in the diffraction peaks of
RDX/Cu-en. The diffraction peaks corresponding to Cu-en appear
in the diffraction pattern of RDX/Cu-en when 20 = 11.52°
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Fig. 1 XRD patterns of product samples: (a) AP group, (b) e-CL-20 group,

and 22.49°. The other obvious characteristic peak of Cu-en
overlaps with RDX and appears together at 20 = 17.81°. The
three main characteristic peaks of Cu-en can be found in the
graph of RDX/Cu-en. Similarly, the results of the B-HMX group
data in Fig. 1(d) also illustrate that the peaks of -HMX/Cu-en
are the superposition of the peaks of B-HMX and Cu-en. As a
result, both RDX/Cu-en and B-HMX/Cu-en are a mixture of
Cu-en and energetic materials.

In summary, from the results of XRD, the peaks of Cu-en in
RDX/Cu-en and B-HMX/Cu-en are more obvious. The diffrac-
tion peak of Cu-en is relatively weak in e-CL-20/Cu-en. There is a
small amount of Cu-en peak in the diffraction peak of AP/Cu-en,
and most of the peaks in these peaks are overlapping peaks
of Cu-en and AP.

The plausible reason is due to the varied solubility of Cu-en
in different solvents. Since the solubility of Cu-en in water is
greater than that of AP, the AP first reaches saturation and
precipitates during evaporation of the droplets. As the solvent
in the droplet surface volatilizes, most of the Cu-en rapidly
moves towards the center of the droplet. When the evaporation
process is complete, most of the Cu-en is distributed inside the
particles, and only a small part of the Cu-en is present on the
surface of the particles. As the Cu-en did not form larger
domains and highly ordered aggregation, the XRD only collected
a few characteristic peaks of Cu-en. Such dispersion is believed to
be an efficient way to increase the contact area. In the meantime,
Cu-en is only slightly soluble in ethyl acetate, so that Cu-en may
start to crystallize along with &CL-20, resulting in the weak
diffraction peaks of Cu-en in the composite. In contrast, the

(c) RDX group and (d) B-HMX group.

Cu-en is insoluble in acetone. During evaporation of the droplets,
insoluble Cu-en precipitates before the energetic materials. There-
fore, the strong characteristic peaks of Cu-en can be clearly
detected in RDX/Cu-en and B-HMX/Cu-en, but the phase separa-
tion is not conducive for enlarging the contact area between the
catalyst and materials.

Energy dispersive spectrometer (EDS) analysis was used to
scan the distribution of elements in a certain area to study the
distribution of copper. The right column in Fig. 2 shows the
distribution of copper in the composite particles. The green
dots in the figure represent copper elements. Although the
peaks of Cu-en are weak in the XRD peaks of the complex of
AP/Cu-en and &-CL-20/Cu-en, the results of EDS show that the
copper element is present in the particle. The strong Cu signals
prove that the AP or e-CL-20 forms a composite particle doped
with Cu-en.

Elemental analysis and morphological characteristics

From the comparison of SEM images, it can be seen that the
morphology and particle size of the composite particles do not
change after being doped with a small amount of Cu-en
compared with the pure materials (AP, &-CL-20, B-HMX, and
RDX). Compared to the morphology of AP (or AP/Cu-en), the
particles of &-CL-20 (or &-CL-20/Cu-en), B-HMX (or f-HMX/Cu-en)
and RDX (or RDX/Cu-en) are regular spheres. Although the particle
shape of AP is not regular, there are still a few particles that tend to
be spherical in shape. In addition to the instrumental conditions,
the size of the droplets is also related to the surface tension,
density, and viscosity of the solution."®*° The relationship between
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Fig. 2 SEM images of the particles and the distribution of Cu elements in composite microspheres.

the droplet size and the natural properties of the solution is as
follows:

Dq = KrQ"[p% 0" 1] 1)

where K;, Q, and n are the instrument constants (i.e., frequency,
pressure, and carrier gas velocity; which depend on the type of
atomizer), the volumetric flow rate, and the power constant of
volumetric flow rate, respectively. The symbols a, b, and ¢ are
the power constants of precursor properties: the density, the
surface tension, and the viscosity, respectively.*!

In this work, the solvents to prepare the precursor solu-
tions of the AP and &-CL-20 are water and ethyl acetate,
respectively. While the precursor solutions of other samples
were prepared by using acetone as the solvent. The surface
tension and the viscosity of ethyl acetate (23.75 mN m ',
0.426 mPa s, 25 °C) and acetone (23.7 mN m ™', 0.316 mPa s,
25 °C) are obviously smaller than those of water (72.14 mN m ™,
0.8903 mN S m ™2, 25 °C).

It can be seen from eqn (1) that the size of the droplets
formed by the atomization of the AP solution is larger than the
droplets formed by the atomization of the other three solutions.
The SEM images demonstrate that the particle size distribution
of AP (or AP/Cu-en) is in the range of 2-4 um. The size of
€-CL-20 (or &-CL-20/Cu-en), B-HMX (or f-HMX/Cu-en), and RDX
(or RDX/Cu-en) particles is as small as 1 pm to 2 pm.

In general, the conversion of droplets into solid particles is
instantaneously accomplished during the spray drying process.
However, when the droplet size is too large, the drying effi-
ciency also decreases, causing the liquid-solid phase transition

time to be prolonged. The longer the liquid-solid phase
transition time, the more affected the morphology of the
particles by the gas flow. Therefore, the shape of the droplets
of the AP (or AP/Cu-en) was deformed due to the influence of
the gas flow during the process of liquid-solid phase transi-
tion. Finally, the shape of the AP after spray drying is not a
regular sphere. Since the natural properties of acetone and
ethyl acetate are superior to those of water, the droplets
formed by suspension of &-CL-20 (or &-CL-20/Cu-en)/B-HMX
(or B-HMX/Cu-en)/RDX (or RDX/Cu-en) complete the liquid-
solid phase transition just after being sprayed into the
drying tower. The effect of gas flow on the morphology of
the particles is avoided. The state change of the droplet during
the spray drying process is shown in Fig. 3.

Gas flow
;S5

\eaisws ﬂ
o Lo2a | — —_— T
~e iz; > evaporation ‘ 1§
N\ AP

!
droplet \ ﬁ,‘zo:

~at S~

® Cu-en P iv\ evaporation

@® AP, etc

Fig. 3 The mechanism for preparing composite particles by the spray
drying method.
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Fig. 4 DSC curves of the (a) AP group, (b) e-CL-20 group, (c) B-HMX group and (d) RDX group.

The catalysis effect of Cu-en on the decomposition of
AP/CL-20/p-HMX/RDX

Fig. 4(a) shows DSC curves of the AP group. The DSC curve of
raw AP shows one endothermic peak and two exothermic peaks.
The DSC curves show an endothermic peak at 246.1 °C, which
is attributed to the crystal transformation of AP from ortho-
rhombic form to cubic phase. The thermal decomposition of AP
occurs in two steps. The first exothermic peak with the peak
temperature 318.6 °C (low-temperature decomposition, LTD)
corresponds to the partial decomposition of AP and formation
of an intermediate product. The second, main exothermic peak
with the peak temperature 419.5 °C (high-temperature decom-
position, HTD) corresponds to the complete decomposition of
the intermediate product into volatile products.***?

The process of thermal decomposition of micro AP
which was prepared by spray drying has been simplified
into two steps. The first endothermic peak concerning
the crystal transformation was at a temperature of 244.6 °C,
which was essentially unchanged from the raw AP. However, it
can be clearly seen that the peak shape of the endothermic
peak becomes small. This is because the particle size of
the micro AP is small and the morphology is regular, so the
energy required for the process of crystal transformation is
reduced. For microsphere AP, there is one peak at 400.8 °C
corresponding to the HTD step as shown in its DSC curves.
This slight decrease is because the internal stress formed
by decomposition products is not intensive enough to crack
the AP crystal into smaller grains. Therefore, there is no

significant LTD step because the NH; formed in the initial
steps overspreads the crystal surface of micro AP.>*

The catalytic effect of Cu-en on AP was studied by comparing
two different mixing methods. By mechanically mixing micro
spherical Cu-en with micro AP, it can be found that the peak of
HTD decreases from 400.8 °C to 314.7 °C. The temperature of
the HTD peak of the micro AP/Cu-en prepared by the spray
drying method is 305.4 °C, which is 95.4 °C earlier than the
micro AP. Obviously, it can be seen that the way of preparing
composite particles has a better catalytic effect.

The mechanical doping method only allows the particles of
Cu-en to contact with the surface of AP particles, and the
catalyst in the composite particles is distributed throughout
the particles to make it have a wider contact area with the AP.
In summary, the greater the contact area between the Cu-en
and AP, the more catalytic sites there are and the better catalytic
effect.

In the view of the electron-transfer mechanism,>>?° the
presence of partially filled Cu®>" 3d orbitals may accelerate the
process of electron-transfer:

NH,ClO, — NH," + ClO™~ (2)
Cu** + Cl0o~ — Cu' + Clo,* (3)
Cu' + NH," - cu*' + NH,* 4)

From step (3) and (4), it can be seen that Cu®" acts as an
intermediate transfer. A positive hole in Cu®" can accept

19066 | New J. Chem., 2018, 42, 19062-19069 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Table 3 The decomposition heat of AP and nitramine explosives
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AH (g™ AP AP(spray drying)
294.2 446.8

AH(J g™ £-CL-20 £-CL-20(spray drying)
1886.4 2049.2

AH (g™ B-HMX B-HMX(spray drying)
1566.8 1742.5

AH (g™ RDX RDX(spray drying)
840.8 1142.4

electrons from perchlorate ions enhancing step (2). Currently,
this catalytic mechanism is not yet fully understood.

DSC data show that compared with the decomposition peak
temperature of raw &-CL-20, the micro-spherical &-CL-20 lowers
the temperature from 257.0 °C to 247.8 °C (in Fig. 4(b)). The
decomposition peak of the mixed micro spherical &-CL-20/Cu-en
(mechanical doping) is reduced to 237.3 °C. The temperature of
the decomposition peak of the micro e-CL-20/Cu-en prepared by
the spray drying method is 232.0 °C. Compared with the micro-
spherical €-CL-20, the two mixing methods reduced the decom-
position peak temperature by 10.5 °C and 15.8 °C, respectively.
As with the previous description of the AP group, the composite
microspheres produced by spray drying have more satisfactory
effects.

The DSC curve of the B-HMX group is shown in Fig. 4(c).
Similar to the weakening of the crystal transformation peak of
the AP, the crystal transition peak of the micro-spherical HMX
at 192.2 °C was not found. The decomposition peak of micro-
spherical B-HMX is reduced by 7.3 °C compared to the raw
material. Compared with the decomposition peak temperature
of micro-spherical B-HMX, the mechanical doping lowers the
required temperature by 5.3 °C, and spray mixing lowers it by
7.7 °C. In Fig. 4(d), the endothermic peak at 215.1 °C is due to
the melting of raw RDX. The exothermic peak at 244.3 °C is
attributed to the decomposition of RDX to form a product such
as CO, N,, N,O, NO,, etc.?” After the raw material RDX was
prepared into micro spherical RDX, the exothermic peak tem-
perature decreased by 5.2 °C. The exothermic peak temperature
of RDX/Cu-en is 230.2 °C, which is 8.9 °C earlier than that of
micro-spherical RDX. During the thermal decomposition of
micro-spherical RDX/Cu-en composite, this reduction reached
10.5 °C. Regardless of the manner in which Cu-en is mixed with
B-HMX or RDX, it can be seen that the peak of Cu-en occurs
during the decomposition of the mixture. Cu-en has a strong
exothermic peak at 232.2 °C and a weak exothermic peak at
424.6 °C. Due to mixing with B-HMX or RDX, the temperature of
the two exothermic peaks of Cu-en has significantly advanced.
In contrast, the Cu-en can accelerate the thermal decomposi-
tion of the p-HMX (or RDX), and the B-HMX (or RDX) can also
change the thermal decomposition process of the Cu-en.?®

e-CL-20, B-HMX, and RDX are typical nitramine explosives.
There are a large number of C-N and N-N bonds present in their
molecules.>**° The outer layer electron of Cu exhibits s-d hybrid
orbitals, making it slightly conductive with weak chemical activity.
This would weaken the C-N and N-N bond strengths, promoting
the unimolecular decomposition of nitramine explosives.*!

AP/Cu-en(mechanical doping)

AP/Cu-en(spray drying)

784.6 840.4
¢-CL-20/Cu-en(mechanical doping) ¢-CL-20/Cu-en(spray drying)
2240.3 2322.4
-HMX/Cu-en(mechanical doping) B-HMX/Cu-en (spray drying)
1906.2 1944.8
RDX/Cu-en(mechanical doping) RDX/Cu-en(spray drying)
1286.2 1311.5

The DSC data of the four composite microspheres compared
with the data after mechanical doping with catalyst Cu-en, the
exothermic peak temperatures of AP, e-CL-20, B-HMX, and RDX
were advanced by 9.3 °C, 5.3 °C, 2.4 °C and 1.6 °C, respectively.
Thus, this kind of composite microsphere has a good application
prospect in the CMDB propellant, especially in the propellant with
AP and &-CL-20 as the main components.

The decomposition heat of AP and its mixtures with Cu-en is
determined by integration of the exothermic peak areas, and
detailed data are shown in Table 3. The decomposition heat of
AP(spray drying), AP/Cu-en(mechanical doping) and AP/Cu-en(spray
drying) increases from 294.2 J g~ " t0 446.8 J g~ ', 784.6 J ¢~ ' and
840.4 J g, respectively. Observing the data of group &-CL-20,
B-HMX and RDX, one can also find the same pattern. The data
prove that the micro-spherical composite shows the best cata-
Iytic effect.

Conclusions

In this experiment, a variety of microspheres were prepared by
spray drying. The results of XRD and SEM show that catalyst
Cu-en and AP formed composite particles with sizes in the
range from 2 pm to 4 um. Cu-en and &-CL-20, B-HMX or RDX
formed regular shaped composite microspheres with a diameter of
1-2 pm. This micro-spherical composite particle exhibited
excellent properties. Thermal analysis data of AP showed that
when the particle size was reduced to a few microns, the LTD
and HTD of its raw material were reduced to an exothermic
peak at 400.8 °C. The composite particles prepared by spray
drying have the best catalytic effect and can reduce the decom-
position temperature of AP by 95.4 °C. Compared with the raw
e-CL-20, B-HMX and RDX, the peak temperature of their
exothermic peaks were reduced to different extents after
spheroidization. However, the peak temperature had a greater
reduction after added Cu-en. The lowest exothermic peak
temperatures for &CL-20, f-HMX and RDX are 232 °C,
280.2 °C, and 228.6 °C, respectively. All in all, the micro-
spherical composite particles prepared by spray drying have
an excellent catalytic effect on AP and nitramine explosive
components in the CMDB propellant.
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