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ABSTRACT: In this article, nano-CuCr2O4 (copper chromite)/
ultrafine ammonium perchlorate (AP) composites were prepared
by a ultrasonic dispersion method and a mechanical grinding
method. A series of nano-CuCr2O4/ultrafine AP composites with
different dispersions were prepared by controlling the compound-
ing time to study the best catalytic effect of nano-CuCr2O4 on the
ultrafine AP. The microstructures, surface elements, and
morphologies of samples were analyzed by X-ray diffraction,
Fourier transform infrared spectroscopy, scanning electron
microscopy, and energy dispersion X-ray spectroscopy. The catalytic effect of nano-CuCr2O4 on the thermal decomposition of
AP was investigated by differential scanning calorimetric techniques and thermogravimetric analysis. The results indicated that the
mechanical ball milling method could make nano-CuCr2O4 more evenly dispersed on the ultrafine AP, and with the increase in the
milling time, the uniformity of nano-CuCr2O4 on the ultrafine AP was better. When the milling time was 6−12 h, nano-CuCr2O4
was most evenly dispersed on the ultrafine AP. At this time, the decomposition temperature and Gibbs free energy of the nano-
CuCr2O4/ultrafine AP composite were the lowest, which decreased by 78.1 °C and 25.16 kJ/mol compared with those of ultrafine
AP, respectively. Moreover, the mechanical sensitivity of nano-CuCr2O4/ultrafine AP composites was lower than that of ultrafine AP.
It showed that ball milling for 6−12 h could make nano-CuCr2O4 evenly dispersed on the ultrafine AP, and nano-CuCr2O4 could
play the best catalytic effect on the ultrafine AP.

1. INTRODUCTION

Ammonium perchlorate (AP) is the most widely used oxidant
in the propellant applications, and its content in propellant
accounts for a large proportion, usually exceeding 60%.1,2 As a
strong oxidant, the thermal decomposition of AP provides the
oxygen needed for the combustion of the propellant and
releases a large amount of energy during the decomposition
process to promote the combustion of the propellant.3,4

Therefore, the pyrolysis of AP plays a decisive role in the
combustion performance of the propellant.5 To be specific,
decreasing decomposition temperatures of the AP decom-
position process will lead to shorter ignition delay time and
higher burning rate of the propellant.6

A lot of studies have shown that the burning rate of
propellant can be increased by decreasing the particle diameter
of AP7−9 as well as employing some combustion catalyst to
AP.10,11 For example, Dolgoborodov et al. used a planetary ball
mill method to prepare ultrafine AP of size 5−10 μm, and the
temperature of the ultrafine AP thermal decomposition
decreased by more than 100 °C than raw AP with a particle
size of 1000 μm.12 Compared with the reduction in the particle
size of AP, the addition of combustion catalysts to AP has

caught most attention. Among these catalysts, copper
chromite, a mixed oxide of CuO and Cr2O3, is well-known
burn rate modifier for combustion of propellants, which can
accelerate the thermal decomposition of AP and increase the
burn rate of propellant combustion. Especially when the
catalyst reaches the nanometer size, it can better exert its
catalytic effect. For example, Sanoop et al. prepared copper
chromite nanoparticles by the thermal decomposition of basic
copper ethylamine chromate to catalyze AP decomposition
and decreased AP decomposition temperature from 378.5 to
338.6 °C.13 Hosseini et al. synthesized copper chromite spinel
nanoparticles (CuCr2O4 SNPs) via the sol−gel route and
studied its catalytic effect on AP in CuCr2O4 SNPs/AP
composite prepared by the solvent/nonsolvent route. The
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results showed that the addition of CuCr2O4 SNPs to AP
remarkably decreased the decomposition temperature from
422.5 °C for pure AP to 338.6 °C for AP containing CuCr2O4
SNP additive with a mass ratio of 5% and improved the heat
released from 879.5 J/g for pure AP to 1474.5 J/g for CuCr2O4
SNPs/AP composite.14 Further research found that uniformly
compounding the nanocatalyst and AP can further enhance its
catalytic effect on AP. Eslami et al. fabricated the AP/CuCr2O4
core−shell nanocomposites containing CuCr2O4 additive with
a mass ratio of 6% by a feasible deposition method and found
that the decomposition temperature of AP composites was at
346 °C, which decreased by 74 °C compared to AP, and the
apparent decomposition heat of AP composite was about three
times that of AP, changing from 450 J/g for AP to 1510 J/g for
AP composite.15

Currently, little attention has been paid to the catalysis of
ultrafine AP. In fact, evenly compounding the nanocatalyst
with the ultrafine AP can significantly improve the thermal
decomposition performance of the AP.16,17 Therefore, nano-
CuCr2O4/ultrafine AP composites would be prepared by an
ultrasonic dispersion method and a mechanical grinding
method, and the best catalytic effect of nano-CuCr2O4 on
ultrafine AP was studied in this work.

2. EXPERIMENT

2.1. Materials. All the reagents were of analytical grade
except AP and directly used without further purification. AP
was of industrial grade and was purchased from Dalian
Perchloric Acid Ammonium Factory. CuCr2O4 was purchased
from Sinopharm Chemical Reagent Co., Ltd. Ethyl acetate was
purchased from Nanjing Chemical Reagent Co., Ltd. Nano-
CuCr2O4 with an average diameter of 50 nm was prepared by
mechanical grinding. Ultrafine AP was prepared by air flow
crushing method and its particle was 1−5 μm.
2.2. Preparation of Nano-CuCr2O4/Ultrafine AP

Composites. The nano-CuCr2O4/ultrafine AP composites
were prepared by ultrasonic dispersion and mechanical ball
milling methods. First, nano-CuCr2O4/ultrafine AP composite
was prepared by the ultrasonic dispersion method. The nano-
CuCr2O4 and ultrafine AP were mixed at a molar ratio of 3:97
to form a mixture of 10 g, and the mixture was added to the
beaker. Ethyl acetate (5 mL) was added to the beaker, and the
amount of ethyl acetate added just covered the mixture
powder. The ultrasonic cleaner was turned on, and the nano-
CuCr2O4 and ultrafine AP were compounded by ultrasonic
action. After 30 min, the ultrasonic cleaner was turned off.
After ultrasonic treatment, the sample was poured into the
surface dish and then dried in a 45 °C water bath oven. Nano-
CuCr2O4/ultrafine AP composite was obtained after complete
drying.
Then, a series of nano-CuCr2O4/ultrafine AP composites

with different dispersions were prepared by the mechanical ball
milling method. The nano-CuCr2O4 and ultrafine AP were
mixed at a molar ratio of 3:97 to form a mixture of 20 g. The
mixture was put into 200 mL of ethyl acetate, and the mass
concentration of the mixture in the slurry was kept strictly at
8−10%. The slurry was ground and crushed in nanometer

pulverizer. The speed of rotation was 1000 rpm. The outlet
temperature of slurry was controlled in the range of 15 °C by
the chiller. To explore the best catalytic effect of nano-
CuCr2O4 on ultrafine AP, the ball milling time would be
controlled. Here, a series of nano-CuCr2O4/ultrafine AP
composites with different dispersions would be prepared by
selecting different ball milling times (30 min and 1, 3, 6, 12, 24,
and 48 h). After grinding, a slurry of nano-CuCr2O4/ultrafine
AP composites was obtained. The slurry supernatant was
removed by siphoning after natural sedimentation of the slurry.
The slurry was poured into the surface dish and then dried in a
45 °C water bath oven. Nano-CuCr2O4/ultrafine AP
composites were obtained after complete drying.
Finally, nano-CuCr2O4/ultrafine AP composites with differ-

ent dispersions were numbered, and their types and numbers
are shown in Table 1. To facilitate the description of different
samples in this paper, the samples were named as CuCr2O4/
AP-1, CuCr2O4/AP-2, CuCr2O4/AP-3, CuCr2O4/AP-4,
CuCr2O4/AP-5, CuCr2O4/AP-6, CuCr2O4/AP-7, and
CuCr2O4/AP-8.

2.3. Measurements and Characterizations. Powder X-
ray diffraction (XRD) patterns were performed with a Bruker
Advance D8 instrument equipped with Cu Kα radiation.
Fourier transform infrared (FTIR) analysis of the samples was
carried out (Nicolet iS10) in the range of 4000−500 cm−1.
The morphology of nano-CuCr2O4/ultrafine AP composites
was examined by an S-4800II cold field scanning electron
microscopy (Hitachi Corporation, Japan) equipped with an
energy dispersion X-ray spectrometer (EDS), and their
chemical compositions were determined by EDS.
The thermogravimetric tests were carried out employing an

SDT Q600 thermal analyzer with a gas flow rate of 20 mL/min
in nitrogen. The selected heating rates were 5, 10, 15, and 20
°C/min. The program temperature was increased from room
temperature to about 520 °C at the end. The kinetic
parameters for the exothermic decomposition of AP and AP
composites with different nanocatalysts were obtained by the
Kissinger method.18

The sensitivity test in this paper is impact sensitivity test.
The impact sensitivity of the samples is determined according
to the method 601.2 in GJB 772A-1997. The dosage of the
samples used is 50 mg, and the weight of a drop hammer is 5
kg. The test samples are divided into 25 times as a group, and
the “lifting method” is used to measure the characteristic drop
height of the samples. If there is no explosion, the height of the
drop hammer will be increased, and if there is explosion, the
height of the drop hammer will be reduced. The range of
height is within six grades. For the measured data, use eq 1 to
calculate the characteristic drop height

= + ±H Y d A nlg ( / 0.5)50 0 (1)

∑=A ini

where n is the total number of experiments; d is the logarithm
of step size; Y0 is the logarithm of the characteristic height
when the stimulus number is “0”; i is the stimulus number, and
its values are i= ±1, ±2, and so on. If the value is smaller than

Table 1. Prepration of a Series of Nano-CuCr2O4/Ultrafine AP Composites with Different Dispersions

number of samples 1 2 3 4 5 6 7 8

nano-CuCr2O4/ultrafine
AP composites

ultrasonic for
30 min

ball milling for
30 min

ball milling
for 1 h

ball milling
for 3 h

ball milling
for 6 h

ball milling
for 12 h

ball milling
for 24 h

ball milling
for 48 h
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Y0, it is negative, and if it is larger, it is positive; and ni is the
number of explosions when the stimulus number is i.

3. RESULTS AND DISCUSSION
3.1. XRD and FTIR Analysis. The structural information of

nano-CuCr2O4/ultrafine AP composites is analyzed using XRD

and FTIR. Figure 1 shows the XRD pattern of ultrafine AP and
nano-CuCr2O4/ultrafine AP composites, respectively. It can be

seen from Figure 1 that the characteristic diffraction peaks of
nano-CuCr2O4/ultrafine AP composites with different dis-
persions are basically the same, only the intensity of the
diffraction peaks is different. According to the XRD pattern of
CuCr2O4/AP-1, the characteristic diffraction peaks of its XRD
pattern are completely consistent with those of the ultrafine
AP. It shows that in the process of preparing nano-CuCr2O4/
ultrafine AP composites, the ultrafine AP does not participate
in the reaction, and the crystal form of ultrafine AP does not
change, only physical and mechanical composites occur.
However, the characteristic peaks of nano-CuCr2O4 are not
found in the XRD spectrum of nano-CuCr2O4/ultrafine AP
composites, which are mainly because the intensity of the
characteristic diffraction peaks of ultrafine AP is too large, and
the content of nano-CuCr2O4 is too small to reach the
detection range.19 Therefore, the XRD pattern of nano-
CuCr2O4 is not listed in the figure to compare with that of
CuCr2O4/AP-1.
IR spectrums of nano-CuCr2O4, ultrafine AP, and nano-

CuCr2O4/ultrafine AP composites are shown in the Figure 2.
As shown from the IR spectrum of nano-CuCr2O4, the
observed IR band in the range of 600−540 cm−1 can be
attributed to a stretching vibration of Cr−O bands of
chromium atoms in the tetragonal environment of the O
atom.20 The characteristic peaks of the nano-CuCr2O4 sample
at 691 and 515 cm−1 could be attributed to the presence of
Cr2O4

2− group, and the characteristic peak at 884 cm−1 refers
to Cr−O chromate group.13,21 For FTIR spectrum of ultrafine
AP, the broad absorption bands at 3278 and 1408 cm−1

correspond to the N−H stretching vibration and the N−H
bending vibration of the AP crystal, respectively. The
absorption peak at about 1050 and 622 cm−1 correspond to
the Cl−O vibration and ClO4

− vibration absorption,
respectively. It can be seen from Figure 2 that the shape and
position of the infrared absorption peaks of different nano-
CuCr2O4/ultrafine AP composites are basically the same, so
CuCr2O4/AP-1 is taken as the representative for the analysis.
According to the FTIR spectrum of CuCr2O4/AP-1, there are
four obvious infrared absorption peaks, which are consistent
with the infrared absorption peaks of ultrafine AP. The
stretching vibration absorption peaks of NH4

+ are around 3277
and 1409 cm−1, and the stretching vibration absorption peaks
of ClO4

− are around 1037 and 615 cm−1.19 In addition,
compared with the ultrafine AP, a new infrared absorption
peak appears near 780 cm−1. Compared with the FTIR image
of nano-CuCr2O4, the new infrared absorption peak is the
stretching vibration absorption peak of chromate group
(Cr2O4

2−), indicating that nano-CuCr2O4 is compounded on
the surface of the ultrafine AP.15 Through FTIR spectrum, it
can be confirmed that nano-CuCr2O4/ultrafine AP composites
can be successfully prepared by the ultrasonic dispersion and
mechanical ball milling methods, and in the preparation
process, the ultrafine AP does not participate in the reaction,
and the crystal form does not change, only physical and
mechanical composites occur.

3.2. SEM and EDS Analysis. The morphologies of
ultrafine AP, nano-CuCr2O4, and nano-CuCr2O4/ultrafine AP
composites measured by SEM are presented in Figure 3. As
shown in Figure 3a,b, the particle size of ultrafine AP and
nano-CuCr2O4 is 1−5 μm, respectively. In Figure 3c, the
particle size of ultrafine AP is consistent with that in Figure 3a
before compounding. The particles present a spherical shape,
and the surface becomes rough from smooth. It is obvious that

Figure 1. XRD patterns of ultrafine AP and nano-CuCr2O4/ultrafine
AP composites.

Figure 2. FTIR spectrums of ultrafine AP, nano-CuCr2O4, and nano-
CuCr2O4/ultrafine AP composites.

Figure 3. SEM images of (a) ultrafine AP; (b) nano-CuCr2O4; and
nano-CuCr2O4/ultrafine AP composites: (c) CuCr2O4/AP-1, (d)
CuCr2O4/AP-2, (e) CuCr2O4/AP-4, (f) CuCr2O4/AP-6, and (g)
CuCr2O4/AP-8.

Figure 4. EDS mappings of CuCr2O4/AP-5.
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nano-CuCr2O4 is attached to the surface of ultrafine AP.
However, only a small amount of nano-CuCr2O4 is dispersed
on the ultrafine AP, and the dispersion is very uneven. It can be
seen from Figure 3d−g that under the force of mechanical ball
milling the particle size of some ultrafine AP is further reduced,
basically reaching the nanometer level. Moreover, with the

increase in the milling time, more and more ultrafine AP
particles are further crushed. More and more nano-CuCr2O4 is
dispersed on the surface of ultrafine AP, and its distribution is
more uniform. As seen from Figure 3g, the nano-AP gradually
accumulates into large spherical particles with a particle size of
5−10 μm. This is mainly due to the long time grinding that

Figure 5. DSC−TG−DTG curves of ultrafine AP, ultrafine AP ground for 6 h, and nano-CuCr2O4/ultrafine AP composites.
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some water vapor enters into the ball milling tank. The
ultrafine AP is very easy to absorb water, so agglomeration
occurs. The agglomeration is formed by the stacking of nano-
AP, which makes the nano-CuCr2O4 on the nano-AP enter
into the interior of the large spherical AP particles, so the
nano-CuCr2O4 is more evenly dispersed in the ultrafine AP.
With the further increase in the ball milling time, the ultrafine
AP has no further change. It can be seen from Figure 3 that
nano-CuCr2O4 can be considered to be very evenly dispersed
in the ultrafine AP when the ball milling time is 6−12 h.
To better characterize the uniformity of nano-CuCr2O4/

ultrafine AP composites, the surface element distribution
characterization of CuCr2O4/AP-5 is carried out, and the
image is shown in Figure 4. It is clear from Figure 4 that in
nano-CuCr2O4/ultrafine AP composite the elements Cu and
Cr of nano-CuCr2O4 are very evenly distributed in the
elements Cl, O, and N of ultrafine AP, confirming that the
nano-CuCr2O4 has good dispersion on the surface of ultrafine
AP. This shows that nano-CuCr2O4 can be evenly loaded on
the surface of the ultrafine AP via the mechanical grinding
method.
3.3. Thermal Analysis. The differential scanning calori-

metric (DSC)−thermogravimetric (TG)−thermogravimetric
derivative (DTG) curves of ultrafine AP and different nano-
CuCr2O4/ultrafine AP composites at 20 °C/min are shown in
Figure 5, and the data of thermal decomposition properties are
shown in Table 2. Besides, the DSC−TG−DTG curves of
ultrafine AP, which was ground for 6 h, is also shown in Figure

5 for comparison. It can be seen from Figure 5 and Table 2
that after adding nano-CuCr2O4 the thermal decomposition
reaction of the whole ultrafine AP is advanced. From the DSC
curve, it can be seen that the low temperature decomposition
peak of ultrafine AP is not obvious, and it is basically fused
with high temperature decomposition peaks. From the TG
curve, it is only a weight loss process. CuCr2O4/AP-1 and
CuCr2O4/AP-2 prepared by the ultrasonic dispersion and
mechanical ball milling methods can reduce the TH of ultrafine
AP from 395.7 to 346.5 and 345.2 °C, respectively, which are
decreased by 49.2 and 50.5 °C. It shows that the thermal
decomposition performance of nano-CuCr2O4/ultrafine AP
composite prepared by the mechanical ball milling method is
better, and the catalytic effect of nano-CuCr2O4 on ultrafine
AP is better. With the increase in the milling time from 0.5 to
48 h, the TH of ultrafine AP are 345.2, 340.5, 337.7, 317.6,
323.4, 339.8, and 325.8 °C,, which are decreased by 50.5, 55.2,
58.0, 78.1, 72.3, 55.9, and 69.9 °C than those without catalyst,
respectively. It is indicated that the catalytic effect of nano-
CuCr2O4 on ultrafine AP increases first and then decreases
with the increase in the milling time. It can be seen from the
DTG curve that with the increase in the ball milling time, the
law of Tm of ultrafine AP is consistent with that of TH, which
further confirms that the catalytic effect of nano-CuCr2O4 on
ultrafine AP first increases and then decreases with the increase
in the ball milling time. This is mainly because with the
increase in the ball milling time, nano-CuCr2O4 disperses more
evenly in ultrafine AP, showing better catalytic effect. However,
when the ball milling time is too long, the catalytic effect of
nano-CuCr2O4 is weakened due to the agglomeration effect.
Therefore, the TH of ultrafine AP is the lowest when the
milling time is 6−12 h. It is indicated that the dispersion of
nano-CuCr2O4 in ultrafine AP is the best and the most
uniform, so it shows the best catalytic effect.
According to Figure 5, after the ultrafine AP with an average

particle size of 1−5 μm was ground for 6 h, its pyrolysis peak
temperature changed from 395.7 to 398.6 °C, confirming that
the decrease in the high temperature decomposition temper-
ature of the nano-CuCr2O4/ultrafine AP composite is mainly
due to the effect of nano-CuCr2O4.
The catalytic mechanism of nano-CuCr2O4 for ultrafine AP

is mainly because CuCr2O4 is a p-type semiconductor with
conductive holes, which shows high activity in the oxidation
atmosphere and can participate in the electron transfer. The
addition of CuCr2O4 to AP can accelerate the thermal

Table 2. Data of Thermal Decomposition Properties of
Ultrafine AP and Nano-CuCr2O4/Ultrafine AP Compositesa

name of samples Te (°C) Tc (°C) Tm (°C) TL (°C) TH (°C)

ultrafine AP 272.2 411.8 388.4 315.2 395.7
CuCr2O4/AP-1 253.6 347.8 338.1 346.5
CuCr2O4/AP-2 250.2 346.4 337.1 345.2
CuCr2O4/AP-3 255.1 345.9 332.7 340.5
CuCr2O4/AP-4 247.3 338.1 328.8 337.7
CuCr2O4/AP-5 252.6 324.4 305.3 317.6
CuCr2O4/AP-6 245.8 347.8 310.7 323.4
CuCr2O4/AP-7 242.3 340.5 332.2 339.8
CuCr2O4/AP-8 234.6 333.6 308.3 325.8

aTe is the initial decomposition temperature; Tc is the terminal
decomposition temperature; Tm is the maximum weight loss
temperature; TL is the low temperature decomposition temperature;
and TH is the high temperature decomposition temperature.

Table 3. The Comparison of Catalytic Effect of Different on AP Reported in the Literatures and This Study

number type of catalysts preparation method of AP composite usage amount of catalyst (%) heating rate (°C/min) TH (°C) references

1 CuCr2O4 mechanical grinding 3 10 305.4 this study
2 CuCr2O4 mechanical grinding 3 20 317.6 this study
3 CuCr2O4 thermal decomposition 3 10 331.1 13
4 CuCr2O4 sol−gel 5 10 338.6 14
5 CuCr2O4 electrochemical 2 10 349.4 22
6 CuCr2O4 chemical liquid deposition 6 10 346.0 15
7 CuO coprecipitation 1 10 350.4 23
8 CuO surfactant-mediated method 1 10 317.2 24
9 CuO sol−gel 3 20 353.1 25
10 CuO hydrothermal 2 20 339.3 26
11 CuO@Cr2O3 mechanical grind method 2 20 351.1 27
12 CuO/Fe2O3 solid phase method 2 20 335.3 28
13 CNTs/CuO coprecipitation 8 20 333.1 29
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decomposition of AP by a redox reaction with the high
temperature decomposition products of AP. After nano-
CuCr2O4 is compounded with ultrafine AP by the mechanical
ball milling, the dispersion of nano-CuCr2O4 in ultrafine AP is
more uniform, and the contact area between nano-CuCr2O4
and ultrafine AP is larger. This is more conducive to the
reaction of holes in nano-CuCr2O4 and oxides decomposed by
ultrafine AP at high temperature, thus showing better catalytic
performance for ultrafine AP.
The catalytic effect of different catalysts on AP reported in

the literatures is listed in Table 3. Compared with other
catalysts, TH of AP decreases to the lowest when CuCr2O4 is
added to AP, which indicates that CuCr2O4 shows better
catalytic effect on AP than most other catalysts. Compared
with the reports in other literatures, the prepared nano-

CuCr2O4/ultrafine AP composite in this paper has a lower TH
and better thermal decomposition performance. This is mainly
due to the fact that nano-CuCr2O4 can be more evenly
distributed on the ultrafine AP surface by the mechanical
grinding method, so it can show better catalytic effect.

3.4. Kinetic Analysis. To further study the pyrolysis of
nano-CuCr2O4/ultrafine AP composites, the thermal decom-
position kinetic parameters are calculated. The DSC curves of
ultrafine AP and different nano-CuCr2O4/ultrafine AP
composites at heating rates of 5, 10, 15, and 20 °C/min are
shown in Figure 6. It can be seen from Figure 6 that with the
increase in the heating rate, TH of nano-CuCr2O4/ultrafine AP
composites gradually increases. This may be due to the fact
that with an increase in the heating rate, the heat transfer rate
inside the specimen is less than the growth rate of the program

Figure 6. DSC curves of ultrafine AP and nano-CuCr2O4/ultrafine AP composites at heating rates of 5, 10, 15, and 20 °C/min.
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temperature. Then, the decomposition rate is not able to keep
up with the growth rate of the program temperature. This is so-
called “temperature hysteresis phenomenon”.
For TH at different heating rates, the Kissinger method is

used to calculate the thermal decomposition kinetic parameters
of nano-CuCr2O4/ultrafine AP composites. Figure 7 shows
ln(β/TP

2) ∼ 1000/TP diagram of nano-CuCr2O4/ultrafine AP
composites. Table 4 shows the linear fitting equations of ln(β/
TP

2) ∼ 1000/TP of ultrafine AP and different nano-CuCr2O4/
ultrafine AP composites.
According to the intercept and slope in the linear fitting

equation, the thermal decomposition kinetics/kinetic param-
eters of nano-CuCr2O4/ultrafine AP composites can be

obtained by thermal decomposition calculation, as shown in
Table 5.
It can be seen from Table 5 that Ea of high temperature

decomposition of nano-CuCr2O4/ultrafine AP composites
prepared by the mechanical ball milling method is lower
than that prepared by the ultrasonic dispersion method. With
the increase in the milling time, the change in Ea is not
obvious. Ea is the lowest when milling for 3 h and then
increases significantly at 6−12 h. But with the further milling, it
continues to decrease. However, by comparing the ΔG≠ of
nano-CuCr2O4/ultrafine AP composites, it can be seen that the
ΔG≠ of ultrafine AP decreases significantly after adding nano-
CuCr2O4 catalyst, which indicates that nano-CuCr2O4 can
make the thermal decomposition reaction of ultrafine AP
easier. The lowest ΔG≠ is 142.27 kJ/mol, which is 25.16 kJ/
mol lower than that of ultrafine AP, when milling for 6−12 h.
It is indicated that nano-CuCr2O4 has the best catalytic effect
in ultrafine AP by the mechanical ball milling for 6−12 h. In
the continuous pyrolysis process of AP, nano-CuCr2O4
accelerates the thermal decomposition of AP and plays the
role of adsorption and catalysis. However, nano-CuCr2O4 is a
kind of inorganic substance, which does not contain energy. At
this time, there is no continuous heating, which is mainly
reflected in the reduction of impact sensitivity. The same
results have been reported in many literatures. We have also
obtained the similar conclusion that nano-Cu(OH)2 could
reduce the sensitivity of AP.30 In this paper, the activation
energy increased, and the A has also increased at the same
time, resulting in an increase in the reaction rate k, which
reflected in the lower ΔG≠ value. In this case, the increase in
the A (the positive effect on the reaction rate) exceeds the
increase in the activation energy (the negative effect on the
reaction rate), which is comprehensively reflected by the
increase in the reaction rate.31

Figure 7. The ln(β/TP
2) ∼ 1000/TP diagram of ultrafine AP and

nano-CuCr2O4/ultrafine AP composites.

Table 4. Linear Fitting Equations of ln(β/TP
2) ∼ 1000/TP of

Ultrafine AP and Different Nano-CuCr2O4/Ultrafine AP
Composites

name of samples linear fitting equations R2

ultrafine AP y = −10.59712x + 5.73371 0.96955
CuCr2O4/AP-1 y = −17.71734x + 18.73228 0.98826
CuCr2O4/AP-2 y = −14.85011x + 14.16850 0.98123
CuCr2O4/AP-3 y = −16.19638x + 17.40815 0.98723
CuCr2O4/AP-4 y = −14.19638x + 13.37943 0.99703
CuCr2O4/AP-5 y = −21.38111x + 26.53310 0.95128
CuCr2O4/AP-6 y = −21.02202x + 25.49423 0.96962
CuCr2O4/AP-7 y = −13.97709x + 12.94707 0.99923
CuCr2O4/AP-8 y = −15.6849x + 16.45807 0.97340

Table 5. The Thermal Decomposition Kinetics/Kinetic Parameters of Ultrafine AP and Nano-CuCr2O4/Ultrafine AP
Composites

name of samples Ea (kJ/mol) Ln A (s−1) k(TP) (s
−1) ΔS≠ (J/mol K) ΔH≠ (kJ/mol) ΔG≠ (kJ/mol)

ultrafine AP 88.10 15.00 4.30 × 10−1 −126.92 82.54 167.43
CuCr2O4/AP-1 147.30 28.51 6.22 × 10−1 −13.85 142.22 150.68
CuCr2O4/AP-2 123.46 23.77 5.69 × 10−1 −53.24 118.39 150.88
CuCr2O4/AP-3 138.86 27.13 6.54 × 10−1 −25.25 133.82 149.12
CuCr2O4/AP-4 118.03 22.94 5.25 × 10−1 −60.03 113.03 149.16
CuCr2O4/AP-5 177.76 36.50 6.30 × 10−1 −53.04 172.95 142.27
CuCr2O4/AP-6 174.78 35.45 5.73 × 10−1 −44.23 169.93 144.10
CuCr2O4/AP-7 116.21 22.49 5.49 × 10−1 −63.82 111.18 149.81
CuCr2O4/AP-8 130.40 26.12 4.25 × 10−1 −33.30 125.57 144.93

Table 6. The Impact Sensitivity Data of Ultrafine AP and
Nano-CuCr2O4/Ultrafine AP Composites

name of samples impact sensitivity H50 (cm) Sdev.

ultrafine AP 35.1 0.14
CuCr2O4/AP-1 35.5 0.11
CuCr2O4/AP-2 35.8 0.12
CuCr2O4/AP-3 36.9 0.10
CuCr2O4/AP-4 36.2 0.09
CuCr2O4/AP-5 37.6 0.09
CuCr2O4/AP-6 37.1 0.08
CuCr2O4/AP-7 36.8 0.10
CuCr2O4/AP-8 37.3 0.11
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3.5. Sensitivity Analysis. The impact sensitivity data of
ultrafine AP and nano-CuCr2O4/ultrafine AP composites are
shown in Table 6. It can be seen from Table 6 that the impact
sensitivity of nano-CuCr2O4 combined with ultrafine AP is
slightly lower than that of ultrafine AP, and the impact
sensitivity tends to decrease with the increase in the ball
milling time. This is because nano-CuCr2O4 coated on the
surface of ultrafine AP can absorb and buffer energy, thus
reducing the probability of hot spot formation on the surface of
ultrafine AP, the impact sensitivity is reduced. As the
dispersion of nano-CuCr2O4 on the surface of ultrafine AP
gets better and better, it can play a better role in reducing the
sensitivity, and the effect is the best when milling for 6−12 h.

4. CONCLUSIONS

(1) Nano-CuCr2O4/ultrafine AP composites are successfully
prepared by the ultrasonic dispersion and mechanical ball
milling methods. Compared with nano-CuCr2O4/ultrafine AP
composite prepared by ultrasonic method, the nano-CuCr2O4
in ultrafine AP composites prepared by the mechanical ball
milling has better dispersion on the ultrafine AP. With the
increase in the milling time, the dispersion of nano-CuCr2O4
on ultrafine AP becomes better and better. When milling for
6−12 h, nano-CuCr2O4 disperses most evenly in ultrafine AP.
(2) After adding nano-CuCr2O4, the thermal decomposition

performance of ultrafine AP is obviously improved, which
shows that the high temperature decomposition temperature is
advanced and the Gibbs free energy is reduced. The high
temperature decomposition temperature and Gibbs free energy
of nano-CuCr2O4/ultrafine AP composite prepared by ball
milling for 6−12 h are the lowest, which decrease at 78.1 °C
and 25.16 kJ/mol, respectively, indicating that nano-CuCr2O4
has the best catalytic effect on ultrafine AP. Moreover, the
mechanical sensitivity of nano-CuCr2O4/ultrafine AP compo-
sites is lower than that of ultrafine AP.
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