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ABSTRACT. The effects of aluminum nanoparticles (AlNs) on the thermal decomposition of ammonia perchlorate (AP)

were investigated by DSC, TG-DSC and DSC-TG-MS-FTIR. Addition of AlNs resulted in an increase in the temperature of

the first exothermic peak of AP and a decrease in the second. The processing of non-isothermal data at various heating rates

with and without AlNs was performed using Netzsch Thermokinetics. The dependence of the activation energy calculated by

Friedman’s isoconversional method on the conversion degree indicated the decomposition process can be divided into three

steps. They were C1/D1/D1 for neat AP, determined by Multivariate Non-linear Regression, and changed to C1/D1/F2 after

addition of AlNs into AP. The isothermal curves showed that the thermal stability of AP in the low temperature stage was

improved in the presence of AlNs.

Key words: Aluminum nanoparticle, Thermal decomposition, Ammonium perchlorate, Explosive

INTRODUCTION

Ammonium perchlorate (AP) is an oxidizing compo-

nent, which has been excellently applied in various pro-

pellants and pyrotechnics.1 The thermal decomposition

characteristics of AP play a key role in the combustion

behavior of composite solid propellants and are sensitive

to the presence of additives, which are used to improve the

performance of the propellants.2 The most commonly

used additives are metal oxides2−10 and metal powders.11−16

In recent years, new additives based on nanometer particles

are being considered in this propulsion application, mainly

due to their large specific surface area and high reactivity.17

Aluminum nanoparticles (AlNs) is of special interest

and an important ingredient in contemporary composite

solid propellants since Al is a metallic fuel in the propel-

lant formulation which reacts and releases significant

chemical energy and increases the specific impulse.17−18

Simultaneously, it is a catalyst for the thermal decompo-

sition of AP. The performance of propellants is highly rel-

evant to the interaction between AP and AlNs. However,

few studies have reported the effects of AlNs on the ther-

mal decomposition of AP. Liu et al.15,19 concluded that the

thermal decomposition of neat AP was divided into two

processes with the low-temperature decomposition (LTD)

process and the high-temperature one (HTD). The first

temperature was increased with the presence of AlNs and

the second was decreased. While Zhi and his co-workers14

reported addition of AlNs has almost no effect on the ther-

mal decomposition of AP by Thermogravimetry (TG) and

Differential Scanning Calorimetry (DSC). This difference

indicates it is necessary to make a systematic study on the

effects of AlNs additives on AP thermal decomposition

and figure out the underlying catalytic mechanism of AlNs.

In the present study, the effects of AlNs on thermal

decomposition of AP were examined with the aid of a set

of specific experimental devices DSC-TG-MS-FTIR. The

main purpose of this paper is to provide some experimental

information on thermal-decomposition kinetics of AP in

the presence of AlNs.

EXPERIMENTAL

Materials and Characterization

AP (Dalian Potassium Chlorate Works, China, >99%) was

analytical grade. The average particle size of Al powders

(Xuzhou Jiechuang New Material CO., LTD., China, 99.9%)

was 40 nm. AP/Al mixtures were prepared by mixing the

two components in a polished carnelian mortar for 1 hr.

Thermal Analysis

A Netzsch STA449C, Netzsch-QMS403C and Nicolet
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6700 FTIR coupling system (DSC-TG-MS-FTIR) was

used for thermal analysis. The ionizing electron energy of

Netzsch-QMS403C is 70 eV. The pressure injection of the

quartz capillary gas connector is 1 bar and the capillary

temperature is 200 oC. The resolution of Nicolet 6700

FTIR is 4 cm−

1. The gas cell and gas tube between TG/

DSC and FTIR stay at 200 oC.

A sample with the mass of ~2 mg placed in an alumi-

num crucible with a pre-hole on the lid was heated from

30 oC to 500 oC. α-Al2O3 was used as the reference sam-

ple. High-purity argon was used with a gas flow rate of 20

mL/min.

Four weight contents, 0%, 14%, 27% and 40%, of Al pow-

ders in AP formulations were analyzed by DSC with a rate

of 10 K/min. Non-isothermal thermal decomposition of

neat AP and AP/Al (60/40) mixture was performed at the

rates of 5, 10, 15 and 20 K/min. The non-isothermal data

were processed by “Netzsch Thermokinetics”. The details

of this program can be found elsewhere.20 The model-free

Friedman method was used to obtain the dependence of

the activation energy on conversion degree. “Multivariate

Non-linear Regression” was used to evaluate and decide

the complex mechanism of the investigated process and

corresponding kinetic parameters.

The thermal decomposition process of AP and AP/Al

(60/40) mixture was monitored by MS and FTIR on-line

with the heating rate of 10 K/min. The MS and FTIR results

can provide some information about the produced gases

and chemical reactions occurring during thermal decom-

position.

RESULTS AND DISCUSSION

DSC Analysis

The DSC curves of the AP/40 nm Al mixture at the heat

rate of 10 K/min with four Al content levels are given in

Fig. 1. The thermogram for neat AP has an endothermic

temperature of about 242 oC, which is ascribed to the tran-

sition from the orthorhombic to the cubic phase,21 and two

exotherms with peak maximum temperatures of 323 oC

and 423 oC, respectively. The first or low-temperature exo-

thermic peak was confirmed to the partial decomposition

of AP and an intermediate product was formed simulta-

neously. The second or high-temperature exothermic peak

corresponded to complete decomposition of the interme-

diate product into volatile products.19

The addition of nano-sized Al powders into AP has little

effect on the endothermic peaks of all AP/Al mixtures,

while the first exothermic peak of AP/Al (86/14) tended to

weaken and shifted to 332 oC compared to neat AP, and

the second one became stronger and moved to the lower

temperature side at 398 oC. The position in the first exo-

thermic peak changed slowly with the increasing of Al

content, while it was more pronounced for the second

peak. These two exothermic peaks were combined into

one at 381 oC when Al content was 40%, indicating that

Al nanoparticles show an excellent catalytic effect on

HTD of AP by lowering the temperature of 42 oC and an

inhibition on LTD of AP. More noticeably, the heat release

of AP was increased greatly in the presence of nano-sized

Al. The heat releases of the AP/Al mixtures with the Al

content of 14%, 27% and 40% were 1.07, 1.16 and 1.25 kJ

per gram of AP, respectively, compared to 0.72 kJ/g for

neat AP.

It is known that the thermal decomposition of AP starts

with sublimation and dissociation:

NH4ClO4 ↔ NH4
+ + ClO4

−

 (1)

LTD of AP22 is considered to begin with the proton

transfer from cation to anion likely to occur at the inter-

sections of dislocations in the bulk crystals. It performs

not at the very surface but in pores beneath it at a distance

of about several microns. In the case of AP/Al mixture,

AlNs were likely to be absorbed onto the surface of AP.

Therefore, the sublimation and dissociation of AP were

inhibited. In addition, AlNs may be also absorbed onto the

sub-surface of AP and decrease the number of the dislo-

cation. This is not favorable for Eq. (1) towards to the

right. Thus, the first exothermic peak temperature of AP

Fig. 1. DSC curves of AP with 0, 14, 27, 40 wt% 40 nm Al at
a heating rate of 10 K/min.
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increased in the presence of AlNs.

The changes in HTD of AP with the existence of AlNs

may be caused by two reasons. One is related to the huge

surface area of AlNs. AlNs can absorb many gaseous

reactive molecules onto their surface, and catalyze their

reactions. The other is that HTD of AP can be catalyzed

indirectly by AlN, which is an active metal with a high

reactivity, and can react easily with the decomposition

products of AP.23 However, the amount of Al involved in

these reactions is probably small because most nano-sized

Al is not oxidized until the temperature is above 500 oC.24

Since most reactions between AlNs and the decomposi-

tion products of AP are exothermic, the heat release of AP

was increased in the presence of AlNs. 

Non-Isothermal Thermal Analysis

Fig. 2 shows the TG-DSC curves of AP/Al (60/40) mix-

ture with the heat rates of 5, 15 and 20 K/min. The onset,

peak and end temperatures of the thermal decomposition

process of this mixture increased with the increasing of

the heating rate, while the position of crystalloid transi-

tion temperature changed little. The similar trends (not

shown here) were also obtained for neat AP.

The model-free Friedman method was applied to obtain

the dependence of activation energy E on conversion

degree α based on the data in Fig. 2. The results shown in

Fig. 3 indicate that the thermal decomposition process is

complex and can be divided into three steps. The first step

is from 0 to 7%, where the activation energy is between

130−200 kJ/mol. The second is from 7% to 17%, where

the activation energy is between 130−160 kJ/mol. The last

is from 17% to the end with the activation energy of 120−160

kJ/mol. Therefore, a three-step model of A→B→C→D

(A, B, C and D stand for reagents, “→” stands for one

step.) was taken into account to describe this process.

Some statistical criteria, especially correlation coeffi-

cient, were applied to decide the best fit, which is shown in

Fig. 4. The corresponding kinetic parameters are tabu-

lated in Table 1. The correlation coefficient here was 0.9998.

The proposed model is as following:

The first step is 1st order autocatalysis by B (C1B): f(α)

= (1−α)(1+Katα) (Kat is the autocatalytic order). The acti-

vation energy is 168 kJ/mol with log A of 13.01 s−1 and

logKat 1 of −3. 

The second is one-dimension diffusion reaction (D1):

f(α) = 1/α−1. The activation energy is 163 kJ/mol with log A

of 10.62 s−1.

The third is 2nd order reaction (F2): f(α) = (1−α)2, and

the activation energy is 153 kJ/mol with logA of 10.8 s−1.

The model for thermal decomposition process of AP

was obtained by the same way and it was demonstrated to

be C1B→D1→D1. The third step was different to that of

AP/Al. The decomposition mechanism of AP was changed

after addition of nano-sized Al. Compared to the kinetic

parameters of AP, shown in Table 1, the decrease in the

activation energy of the third step for the AP/Al mixture
Fig. 2. TG-DSC curves of AP/Al (60/40) mixture at heating rates
of 5, 15, 20 K/min.

Fig. 3. Apparent activation energy at various conversion degree of
AP/Al (60/40) mixture calculated by model-free Friedman analysis.

Fig. 4. Global model for the decomposition of AP/Al (60/40)
mixture.
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indicates the catalysis effects of Al nanoparticles on HTD

of AP. The obstructed effects of Al nanoparticles on LTD

of AP were supported by an increase in the activation

energy of the first step.

MS/FTIR Analysis

In order to check and evaluate the proposed mechanisms

described above, the non-isothermal thermal decomposi-

tion process was monitored by MS and FTIR on-line with

a heating rate of 10 K/min.

The mass spectra results of gas products from AP and

the AP/Al (60/40) mixture, tabulated in Table 2, shows the

m/z 14, 15, 16, 17, 18, 28, 30, 31, 32, 35, 44 and 46 were

detected. The possible assignments for the main ion num-

bers and the peak, onset and end temperatures are also

summarized in Table 2. It is difficult to determine the

onset and end temperatures for m/z 15, 16, 31, 35 and 44

since there was a lot of noise. 

Fig. 5 represents FTIR spectra of gas products produced

from AP and the AP/Al mixture at the time when the

intensity of FTIR series is the maximum. Combined with

the data in Fig. 5 and Table 2, it is certain that there are

N2O (2238 cm−1 and 2201 cm−1), NO2 (1630 cm−1 and

1598 cm−1), H2O (3500−4000 cm−1), NO (1908 cm−1),

HCl (2700−3012 cm−1), HNO3 (1710 cm−1) and HClO4

(1120 cm−1) for both compositions. The main gas products

are N2O and NO2 based on the absorbance intensity. Their

strongest absorbance intensities (2238 cm−1 for N2O and

1630 cm−1 for NO2) versus temperatures are depicted in

Fig. 6. It shows that this process for both compositions can

be divided into three steps, which is consistent with the

results from TG-DSC. In case of neat AP, the first one is

Table 1. Kinetic parameters of thermal decomposition of AP and AP/Al (60/40) calculated by multivariate non-linear regression

A B B C C D

log A (s−1) E (kJ/mol) log Kat1 log A (s−1) E (kJ/mol) log A (s−1) E (kJ/mol)

AP/Al 13.01 168 −3 10.62 163 10.80 153

AP 1.58 52 0.79 8.31 142 14.28 218

1
→

2
→

3
→

Table 2. Possible assignment, peak, onset and end temperatures of ions detected by MS

m/z ion
Tp / 

oC To − Te / 
oC

AP AP/Al AP AP/Al

14 N+ 426 400 − −

15 NH+ 436 399 − −

16 NH2
+, O+ 434 395 − −

17 NH3
+, OH+ 436 401 270−460 330−460

18 NH4
+, H2O

+ 436 403 270−460 300−470

28 N2
+

− 401 − 330−420

30 NO+ 432 399 270−350; 350−470 290−430

31 HNO+ 432 397 − −

32 H2NO+, O2
+, N2H4

+ 430 399 270-450 290−440

35 Cl+ 434 410 − −

44 N2O
+ 430 399 270−360; 350−480 300−430

46 NO2
+ 434 410 − −

Tp−Peak temperature, oC; To−Onset temperature, oC; Te−End temperature, oC. 

Fig. 5. FTIR spectra of gas products of AP and AP/Al (60/40)
mixture at a given time.
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from 280 oC to 350 oC, where the absorbance intensity of

N2O was greater than NO2, suggesting the reaction of N2O

dominates the thermal decomposition although the ratio

of NO2 to N2O is increasing in this stage. The second step

is from 350 oC to 380 oC, where the ratio of NO2 to N2O

continues to increase and the absorbance intensity of NO2

was over N2O, suggesting the reaction of NO2 dominates

the thermal decomposition. The third one is from 380 oC

to 450 oC, where the ratio of NO2 to N2O is almost con-

stant, indicating the thermal decomposition process is in a

stable stage. The similar results were obtained for the AP/

Al (60/40) mixture, as shown in Fig. 6. However, the onset

and end temperatures for each step are different to AP.

They are from 300 oC to 333 oC, 333 oC to 365 oC and 365 oC

to 410 oC, respectively. Compared to AP, the onset tem-

perature of the first step was increased and the third step

decreased, suggesting that addition of 40 nm Al hinders

LTD of AP and catalyzes HTD. 

Isothermal Analysis

The isothermal method was used to predict the thermal

stability of AP and the AP/Al (60/40) mixture based on

the global kinetic model of thermal decomposition pro-

posed above. The isothermal simulations with the tem-

peratures from 130 oC to 200 oC were performed with a

total exposition time of 10 hours. The results are shown in

Fig. 7. The mass loss of thermal decomposition of AP at

150 oC reached 8%, while it was almost not changed for

the AP/Al mixture at the same condition. It indicates that

the thermal stability of AP is improved after addition of nano-

sized Al at low temperatures and Al nanoparticls hinder

LTD of AP. 

CONCLUSIONS

The low-temperature thermal decomposition of AP was

hindered and the high-temperature decomposition was

catalyzed after addition of Al nanoparticles into AP prob-

ably due to the huge specific surface area of nano-sized Al.

Three-step kinetic model of C1/D1/F2 for the AP/Al (60/

40) mixture was proposed based on the dependence of

activation energy of E, calculated by Friedman method,

on the conversion degree of α, while it was C1/D1/D1 for

neat AP. The thermal stability of AP at low temperatures

was improved in the presence of nano-sized Al mostly

caused by the absorption and constrained effects of Al on

AP. 

Fig. 6. Dependences of FTIR intensity ratio of NO2 to N2O pro-
duced of AP and AP/Al (60/40) mixture on temperature.

Fig. 7. Simulated total mass loss under isothermal conditions for
(a) AP and (b) AP/Al (60/40) mixture.
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