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DSC experiments were conducted on the 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-tetracyclo-[5.5.0.05,9.03,11]-dodecane (also
known as HNIW or CL-20) and CL-20 containing 10wt.% microsized aluminum (Al) powders. .e kinetic parameters of CL-20
and CL-20/Al were obtained by ASTM685 and Friedmanmethods, respectively, indicating that Al powder decreases the activation
energy of CL-20 slightly and has a catalytic effect on the thermal decomposition of CL-20. By the method of nonlinear multivariate
regression, kinetic models of CL-20 and CL-20/Al were derived as f(α) � (1− α)n(1 + kcat · α), where the lgkcat of CL-20 and CL-
20/Al is 1.97 and 2.12, respectively, showing that the autocatalytic ability of CL-20 had been increased by adding Al powder. From
the SEM images of CL-20/Al and the XRD pattern of the decomposition residues of CL-20/Al, it can be inferred that partial
combustion of Al particles happened in the microscale view and led to the release of heat.

1. Introduction

Aluminized explosives are made by adding different pro-
portions and particle sizes of aluminum powder to high-
energy explosives, aiming to promote significantly the
performance of hybrid explosives, such as detonation heat
and bubble energy of underwater explosion. .erefore,
aluminized explosive has been widely used in military and
industrial fields and also become a research hotspot. For a
long time, the detonation of aluminized explosives, in-
cluding the theme of secondary reaction theory, calculation
of detonation parameters, and equations of state of deto-
nation products, has been discussed inmost of the literatures
[1–6]. However, in recent years, there have been more and
more studies on the thermal decomposition of aluminized
explosives on the perspective of thermal safety.

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-tetracy-
clo-[5.5.0.05,9.03,11]-dodecane (also known as HNIW or CL-
20) is a very high energy density material with potential for
widespread applications in munitions [7, 8]. CL-20 displays
an interesting behavior during its decomposition as both
heating rate and isothermal studies have evidenced an

autocatalysis process [9]. .e effect of the additives on the
thermal behavior of CL-20 also has been studied by scholars,
especially the additives such as binder, plasticizer, and de-
sensitizer [10]. In previous studies about thermal de-
composition of CL-20 adding of Al powder, somewhat
contradictory results were reported. Zhang et al. investigated
the effect of Al on polymorphic transition of CL-20 under
heat stimulation. .ey claimed that ε-CL-20 mixed with Al
maintained the original form transition characteristics, and
there was no distinct effect in the initial temperature of phase
transition [11]. But Sun et al. reported that the peak tem-
perature of the crystal transition of ε-CL-20 increased after
the addition of nanosized aluminum powders, and the
apparent activation energies also increased, indicating that
nanosized aluminum exerted an inhibitory effect on the
crystal transition of ε-CL-20 [12]. Xiang et al. believed that
both of the nanosized (50 nm) and microsized (10 μm) Al
powder had the catalytic effect on CL-20, and the activation
energy of CL-20 could be decreased very much by micro-
sized Al powder rather than nanosized Al powder since the
latter was easy to form an oxide layer [13]. In fact, microsized
aluminum powder is generally additive to explosive rather
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than nanosized aluminum powder, due to its easy prepa-
ration, low price, and stable performance. .erefore, the
interaction mechanism between microsized Al powder and
CL-20 in the process of thermal decomposition is worth of
study, including the participation in reaction, energy release,
and heat dissipation of Al.

Our previous study [14] was conducted based on the
ignition performance of three kinds of explosives (RDX,
HMX, and CL-20) mixed with different mass fractions of Al
powders. .e results showed that only CL-20 containing
10wt.% Al powders could release more energy than that of
pure CL-20. .e main purpose of this paper is to further
investigate the effect of microsized Al powders on the thermal
decomposition of CL-20 from the following aspects: thermal
decomposition kinetics of CL-20 and CL-20/Al by DSC,
appearances and particle size of CL-20 and CL-20/Al by SEM,
and the decomposition residues analysis of CL-20/Al by XRD.

2. Experimental

2.1. Materials. .e CL-20 used in the tests was supplied by
Qingyang Chemical Co., Ltd..e Al powder mixed with CL-
20 was provided by Tangshan Weihao Magnesium Powder
Co., Ltd. .e average particle size of CL-20 and Al powder
was 80mesh (124 μm) and 350mesh (42 μm), respectively.
Mixtures of 90wt.% CL-20 and 10wt.% Al powder were
prepared uniformly.

2.2. Instruments. .e differential scanning calorimetry
(DSC) tests were carried out by the NETZSCH STA 449 C
simultaneous thermal analyzer made in Germany. .e
images of CL-20 crystals and CL-20/Al were characterized
by field-emission scanning electron microscopy (FESEM,
JEOL JSM-7800F Prime). XRD (Bruker D8 Advance) was
used to characterize the polymorph of experimental residues
of CL-20/Al from 5° to 80°.

2.3. Experimental Conditions. Samples of CL-20 and CL-20/
Al weight about 1mg were employed for DSC experiments.
.e samples were placed in Al2O3 pans with laser-drilled
pinhole (75 μm) lids. High-purity argon was used to purge
the DSC at a rate of 20mL·min−1. In order to derive kinetic
information, samples were heated from ambient tempera-
ture to 400°C using heating rates (β) of 1, 2, 4, and 5K·min−1,
respectively. After testing for so many times, we found that,
the heating rates should be lower than 7K·min−1. Because
the highly strained molecular cage structure made CL-20 a
very high energy density material, if the heating rate is higher
than 7K·min−1, CL-20 is prone to thermal explosion in the
DSC test, and the properties of thermal decomposition
cannot be obtained. .e α-Al2O3 was used as the reference
sample to correct the reference instrument. .e equipment
was corrected before each test.

3. Results and Discussion

3.1. DSC Curves of CL-20 and CL-20/Al. .e DSC curves
shown in Figure 1 illustrate the thermal behavior of CL-20 by
heating at 1, 2, 4, and 5K·min−1, respectively. With the

increase of the heating rate, the DSC curves of CL-20
gradually shift to the direction of temperature increase.
Based on this characteristic of dynamic DSC experimental
result, it could be judged empirically as an autocatalytic re-
action [15]. As shown in Table 1, all of the characteristic
temperatures including the onset temperature (Te), peak
temperature (Tp), and final temperature (Tf ) are delayed, in
which the peak temperature of CL-20 increased from 223.4 to
241.4°C. Meanwhile, as the heating rate increases, the exo-
thermic curves become steeper, indicating that thermal de-
composition becomes intense. In our experience, the CL-20 is
easy to explode if the heating rate is higher than 7K·min−1.

Figure 2 shows the same trend of CL-20 with 10% Al
powders as Figure 1. Considering that the mass fraction of
aluminum powder is only 10%, the influence of aluminum
powder on the characteristic temperature of explosives is not
likely to be significant. However, by comparing the data of
characteristic temperatures and exothermic enthalpy (ΔH)
as shown in Table 1, some tiny and complex differences can
be found. Firstly, the Tp and Tf of CL-20/Al are lower than
or equal to that of CL-20 (except Tp at 5 K·min−1), which
could be ascribed to the thermal conductivity of the Al
powder. However, the exothermic enthalpy (ΔH) measured
by DSC is normally inaccurate because the tests were carried
out in an open environment, and the purge atmosphere
would take part of the heat away. However, the irregular
variation trend of ΔH of CL-20/Al could be used for
qualitative judgment on the nonideal property of the alu-
minized explosive. As shown in Table 1, ΔH of CL-20/Al
heating at 2 K·min−1 or 4K·min−1 was higher than that of
CL-20, indicating that part of Al powders participated in
reaction and released heat. Whereas, by repetitious exper-
iments, the ΔH of CL-20/Al at 5 K·min−1 was the lowest one,
indicating that the Al powder not only failed to participate in
the reaction but also hindered the complete heat release of
CL-20 during thermal decomposition process.

3.2. Calculation of the Kinetic Parameters of 4ermal
Decomposition. .e ASTM698 and Freidman method were
used to determine the Arrhenius parameters for the thermal
decomposition of CL-20 and CL-20/Al, respectively. .e
ASTME698 technique occupies an intermediate position
between the model fitting and model-free methods.
According to the Designation E698-11 [16], the plot lgβ
versus 1/Tp could be made, where Tp is the corrected peak
temperature in K, by calculating and constructing a least
squares “best fit” line through these point. .e slope of this
“best fit” line is taken as the value for dlg β/d(1/Tp), and the
activation energy (E) and preexponential factor (A) could be
obtained from equations (1) and (2), respectively, where R is
the universal gas constant:

E � −2.19R
dlg(β)

d 1/Tp 
⎡⎢⎣ ⎤⎥⎦, (1)

A �
βE

RT2
p
exp

E

RTp
 . (2)
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Figure 3 shows the plots of lg(β) against 1/Tp of CL-20
and CL-20/Al, respectively. �e activation energy of CL-20
and CL-20/Al obtained from the slope of the plots is

179.18± 2.5 kJ·mol−1 and 170.37± 0.91 kJ·mol−1, re-
spectively. Meanwhile, the values of ln(A) were also cal-
culated as 16.03min−1 and 15.18min−1. �e results show
that adding 10wt.% microsized Al powder slightly decreases
the activation energy of CL-20, indicating that the Al powder
may have a catalytic e�ect on the thermal decomposition of
CL-20.

�e most common di�erential isoconversional method
is that of Friedman, which was also used to evaluate the
model-free kinetics of two samples. Friedman proposed to
apply the logarithm of dα/dt as a function of reciprocal
temperature at any conversion (α), as shown in the following
equation:

dα
dt
� Aαf(α)exp −

Eα

RT
( ),

ln
dα
dt
( )[ ] � ln Aαf(α)[ ]−

Eα

RT
,

(3)

where f(α) is the reaction mechanism function in di�er-
ential form and a constant at any �xed value of conversion.
�e dependence of ln(dα/dt) on 1/T shows a straight line
with the slope equal to −Eα/R and the intercept equal to
ln[Aαf(α)]. �erefore, linear �tting was performed to es-
timate the e�ective Eα for the set of di�erent conversions.
For complex multistage reactions, this method gives the
e�ective Eα which depends on the extent of conversion.
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Figure 1: DSC curves of CL-20 under di�erent heating rates (β) of 1, 2, 4, and 5K·min−1.

Table 1: �e characteristic temperatures and exothermic enthalpy of DSC curves for CL-20 and CL-20/Al at di�erent heating rates.

β (K·min−1)
Te (°C) Tp (°C) Tf (°C) ΔH (J·g−1)

CL-20 CL-20/Al CL-20 CL-20/Al CL-20 CL-20/Al CL-20 CL-20/Al

1 211.5 212.2 223.4 222.5 227.0 226.5 2567 2348
2 220.3 220.3 231.2 230.8 234.6 234.5 2214 2250
4 228.6 228.8 239.5 239.1 243.0 242.5 2153 2287
5 231.7 231.3 241.4 242.0 245.7 245.7 2433 1880
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Figure 2: DSC curves of CL-20/Al under di�erent heating rates (β)
of 1, 2, 4, and 5K·min−1.
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Furthermore, for single-stage reaction with known function
f(α), the preexponential factor (Aα) can be calculated [17].
�e calculation results by Friedman are tabulated in Table 2.
�e variation trend of Eα with di�erent α is shown in
Figure 4.

As described above, the apparent activation energy
calculated by Friedman method is not a constant, but a value
varies with the conversion. At each given α, the value of Eα is
determined from the slope of a plot of ln(dα/dt) against 1/T
[18]. As shown in Table 2 and Figure 4, the variation of
activation energy (Eα) is relatively stable as α varies from 0.1
to 0.7. �e average values of Eα (α � 0.1− 0.7) of CL-20 and
CL-20/Al are 173.45 kJ·mol−1 and 169.53 kJ·mol−1, re-
spectively, indicating that the Al powder decreases the ac-
tivation energy of CL-20 a little. �is result is consistent with
the result calculated by ASTM698. It has further con�rmed
that the Al powder has a catalytic e�ect on the thermal
decomposition of CL-20, especially during the early stage of
thermal decomposition.

3.3. Determination of the Kinetic Model by the Method of
Nonlinear Multivariate Regression. �ermal decomposition
of energetic materials is a kind of reaction happening in the
solid heterogeneous system. �e reaction model of energetic
materials is usually not completed in one step, but in a
multistep reaction process. �e relationship between each
step is complicated. �e corresponding dynamic model
functions of each step may be di�erent. �erefore, tradi-
tional methods cannot accurately describe the kinetic model
of such a complex system. For example, Singh et al. proved
that the traditional model-�tting methods cannot describe
the complex process of thermal composition of RDX [19].

�e nonlinear multivariate regression is an indispensable
method to derive kinetic models. �is technique is the only
way to decide between di�erent reaction models and get a
global model which gives reliable results for the whole
parameter range.

As shown in Figures 5 and 6, the kinetic model simulated
by software (NETZSCH �ermo kinetics) �ts the experi-
mental data very well, and the optimum values of kinetic
parameters are listed in Table 3. �e values of correlation
coe¡cient are 0.994 (CL-20) and 0.993 (CL-20/Al), re-
spectively. According to the �tting results, the kinetic model
for both CL-20 and CL-20/Al is f(α) � (1− α)n
(1 + kcat · α), where n is the reaction order and kcat is the
autocatalytic kinetic rate constant. Both the reaction order of
CL-20 and CL-20/Al is 1, and lgkcat of two samples is 1.97
and 2.12, respectively, showing that the CL-20/Al autocat-
alytic ability is higher than that of CL-20. It also can be seen
that the optimum value of CL-20/Al activation energy
(160.13 kJ·mol−1) is also lower than that of CL-20
(175.9 kJ·mol−1), con�rming the conclusions from ASTM698
and Friedmanmethods that the Al powder has a catalytic e�ect
on the thermal decomposition of CL-20.

3.4. Analysis of ReactionMechanism of CL-20/Al by SEM and
XRD. Our previous study shows that Al not only cannot
participate in the reaction or combustion but also hinders
complete reaction of RDX and HMX during the thermal
decomposition. However, only CL-20 containing 10wt.% Al
powder can release more energy than that of pure CL-20 in
some cases [12]. �erefore, it is worth to investigate why Al
only can react with CL-20 and the reaction mechanism of
CL-20/Al, while the melting point of Al (660°C) is obviously
higher than thermal decomposition temperature of CL-20
(236°C). Based on the analysis of thermal kinetics, we de-
cided to investigate the microstructure and characterization
of the CL-20/Al by SEM and XRD.

It can be seen clearly from Figure 7(a) that the crystal
quality of raw CL-20 particles is high with little crystal
defects, and the shapes are mostly short diamond rods with
blunt edge. As shown in Figures 7(b) and 7(c), the Al particle
is much smaller than CL-20 and adsorbed on the surface of
explosive particles similar to the agglomeration phenome-
non. �at is to say there are many aggregated particles
consisting of Al particles wrapped around CL-20 particles in
the microscale view. �erefore, such situation could be
imaged and speculated that, as the CL-20 particle is ignited
and releases heat, the temperature around the CL-20 par-
ticles rises rapidly and is possibly close to the melting point
of Al, leading to the partial combustion of Al particles.

Figure 8 shows XRD patterns of the residues of the DSC
test for CL-20/Al which has been heated from ambient
temperature to 400°C. Although most of the di�raction
peaks with low intensity are too weak and hidden in the
noise, a very clear di�raction peaks at 38.2° could be seen and
assigned to hexagonal aluminum nitride (JCPDS No. 00-
003-1144), indicating the existence of aluminum nitride
(AlN) particles in the residues. In addition, the peak located
at 6° can be indexed to the (002) planes of the orthorhombic
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Figure 3: ASTM698 �tting plots for thermal decomposition of CL-
20 and CL-20/Al at four heating rates.
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carbon (JCPDSNo. 01-074-2330), indicating the existence of
C in the residues. Since the DSC experiments were carried
out in the argon atmosphere, there is no nitrogen atmo-
sphere. It is con�rmed that the nitrogen element of AlN is
provided from products of CL-20 thermal decomposition.
�us, it can be inferred that Al reacts with CL-20 de-
composition products in some way and produce AlN.

In the view of microscale of the thermal decomposition
tests, we believe that the explosion heat and enthalpy of
formation are reasonable to explain mentioned question.
Explosion heat is the heat released instantaneously during
the explosion and almost una�ected by the time. It is known
that the explosion heat of CL-20 is 6.08MJ·kg−1, much more
than that of RDX (5.29MJ·kg−1) and HMX (5.25MJ·kg−1)
[19], and as long as the explosive explode, part of the heat is
released instantaneously. Moreover, the enthalpy of for-
mation of RDX is 279 kJ·kg−1, HMX is 253 kJ·kg−1, and CL-
20 is 1006 kJ·kg−1 [20]. �erefore, we speculate that because
the explosion heat and enthalpy of formation of CL-20 is far
higher than that of RDX and HMX, which can be considered
as a higher ability of instantaneous heat release, high-

Table 2: Activation energy (Eα) and preexponential factor (ln Aa) of CL-20 and CL-20/Al calculated by Friedman method.

Conversion (α)
CL-20 CL-20/Al

Eα (kJ·mol−1) Deviation ln Aα (s−1) Eα (kJ·mol−1) Deviation ln Aα (s−1)

0.1 178.21 ±2.25 15.73 162.22 ±3.16 14.12
0.2 177.4 ±0.6 15.88 165.9 ±1 14.73
0.3 179.37 ±1.32 16.22 170.1 ±1.59 15.3
0.4 179.73 ±1.9 16.35 171.99 ±2.58 15.6
0.5 176.23 ±2.41 16.08 172.3 ±3.04 15.73
0.6 168.49 ±3.88 15.36 172.46 ±3.57 15.85
0.7 154.73 ±6.1 14.02 171.75 ±4.06 15.88
0.8 129.35 ±7.34 11.46 157.9 ±10.03 14.54
0.9 87.02 ±18.62 7.06 109.16 ±25.84 9.47
Average (0.1–0.7) 173.45 15.66 169.53 15.31
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Figure 4: �e variation of activation energy (Eα) of CL-20 and CL-
20/Al depend on conversion (α � 0.1− 0.9, with 0.1 increment)
calculated by Friedman method.
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Figure 5: Comparison between experiments and simulation of
DSC curves for CL-20 heating at 1 K·min−1, 2 K·min−1, 4 K·min−1,
and 5K·min−1.
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Figure 6: Comparison between experiments and simulation of
DSC curves for CL-20/Al heating at 1K·min−1, 2 K·min−1,
4 K·min−1, and 5K·min−1.

Table 3: Optimum values of kinetic parameters of CL-20 and CL-
20/Al by the method of nonlinear multivariate regression.

kinetic parameters CL-20 CL-20/Al
lg A (s−1) 14.45 12.74
Eα (kJ·mol−1) 175.90 160.13
Reaction order (n) 1 1
lgkcat 1.97 2.12
Correlation coe¡cient 0.994 0.993
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temperature zone at microscale may be formed with CL-20
particles as the core. In other words, the temperature at
which the Al particles participate in the reaction may be
reached by the heat instantaneously released from CL-20;
thus, the partial combustion of the Al powder can be
promoted. It is generally known that hotspot initiation
theory described an early stage of initiation mechanism of

explosives. Correspondingly, we assume that, in the micron
scale view of CL-20/Al composite, high-temperature zones
of the agglomeration structure can be formed, which can
promote the partial combustion of the Al powder in the
thermal decomposition of CL-20. In such high-temperature
zones, a relative ideal and self-sustained reaction could
happen.

4. Conclusions

Comparable kinetic parameters of CL-20 and CL-20/Al were
obtained by various methods, indicating that the Al powder
decreases the activation energy of CL-20 slightly. Overall, it
demonstrates that the Al powder has a catalytic e�ect on the
thermal decomposition of CL-20, especially during the early
stage of the thermal decomposition process. By the method
of nonlinear multivariate regression, we know the thermal
decomposition of CL-20 and CL-20/Al belongs to auto-
catalytic behavior, which is consistent with the �ndings
reported by Turcotte et al. [9]. �e kinetic model of CL-20
and CL-20/Al is derived as f(α) � (1− α)n(1 + kcat · α),
where lgkcat of CL-20 and CL-20/Al is 1.97 and 2.12, showing
that CL-20/Al has higher autocatalytic ability than CL-20.
From the SEM images of CL-20/Al and the XRD pattern of
the CL-20/Al thermal decomposition residues, it is inferred
that, in the microscale view, partial combustion of Al par-
ticles happens and led to heat release because of the ag-
glomeration structure of the CL-20/Al mixture. We
speculate that, since CL-20 has a higher ability of

(a) (b)

(c)

Figure 7: SEM images of (a) CL-20, (b) CL-20/Al, and (c) magni�ed CL-20/Al.
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Figure 8: XRD pattern of experimental residues of CL-20/Al.
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instantaneous heat release, a localized high-temperature
region could be formed in the mixture of CL-20/Al at
microscale. As the surface reaction temperature of Al par-
ticles reached, Al begins to participate in the reaction.
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2558-8. .ese prior studies (and datasets) are cited at rel-
evant places within the text as references [16].
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