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Abstract: Al nanopowders with diameters ranging from 20 to 50 nm passivated by Al2O3 coatings were produced by two different 
evaporation routes: induction heating evaporation (IHE) and laser-induction complex heating evaporation (LCHE). Thermal property 
of the nanopowders was investigated by differential thermal analysis (DTA) in dry oxygen environment. The results show that Al 
nanopowders produced by LCHE have the oxidation enthalpy change (∆H) of 3.54 kJ/g, while the ΔH of Al produced by IHE is 1.18 
kJ/g. The phase constitution and microstructures of these nanopowders were revealed using X-ray diffraction (XRD) analysis, 
transmission electronic microscopy (TEM) and high-resolution transmission electronic microscopy (HRTEM). The results show that 
the two powders have the same composition and mean particle size, as well as the thickness of Al2O3 coatings (3−5 nm). Defects 
were observed on the surfaces of the particles by LCHE. However, the defects were not detected by HRTEM on the surfaces of the 
particles by IHE. The results prove that there exists excessive stored energy in Al nanopowders by LCHE because of the 
nonequilibrium condition brought by laser and the defects are the storage area of the excessive stored energy. Propellants composed 
of Al nanopowders by LCHE show higher energy level and specific impulse. 
Key words: energetic materials; aluminum; nanopowders; laser ablation; excessive stored energy 
                                                                                                             
 
 
1 Introduction 
 

Al powders have been broadly used as an important 
ingredient in energetic materials because of their high 
energy release, high density and low cost. 
Conventionally used Al powders are typically micron- 
sized, however, the usual insuperability problems are 
agglomeration, uncompleted degree of oxidation and 
two-phase losses[1]. Today, great attention is paid to Al 
nanopowders, because of the significant increase of 
burning rate, lower ignition time and temperature[2−4], 
which have the capability of solving the problems their 
micron-sized counterparts meet. 

Besides the excellent combustion properties 
mentioned above, the Al nanopowders exhibit unusual 
thermal behavior that is originally associated with 
excessive stored energy due to defects in the crystal 
lattice or direct energy conversion when preparing[1, 5]. 
The excessive stored energy could be very beneficial to 

explosives performance and show high energy level and 
specific impulse. The concept of stored energy has 
created high expectations for these powders in energetic 
materials. Subsequent research, however, demonstrated 
the absence of stored energy in the Al nanopowders[6−7]. 
The liberation of energy at low temperatures is rather 
caused by an oxidation of the particles. Additionally, 
there has been no direct evidence of the defects in Al 
particles to date. Therefore, much work is needed to 
understand the energy storage phenomena inside the 
powders. 

A variety of techniques can be performed to prepare 
Al nanopowders, including electro-exploded wire[8−9], 
plasma explosion[10], plasma synthesized process[11], 
sol-gel[12] and heating evaporation[13]. Among them, 
the heating evaporation methods based on vaporization 
of metals followed by condensation and particle 
formation are being developed. These evaporation 
methods distinguish themselves from others by the 
heating apparatus, such as electric cooker, high-frequency 

                       
Foundation item: Project(50471061) supported by the National Natural Science Foundation of China 
Corresponding author: SONG Wu-lin; Tel/Fax: +86-27-87557453; E-mail: wulins@126.com 
DOI: 10.1016/S1003-6326(08)60250-2 



CHEN Liang, et al/Trans. Nonferrous Met. Soc. China 19(2009) 187−191 

 

188

induction and laser. A high-frequency power equipped 
with induction coil and graphite crucible in its center 
could provide enough heat for melting and evaporating 
many metals. The beam generated by laser could be 
focused to a point and then reaches a very high 
temperature, which is widely used in cutting, welding 
and surface treatment of metals. Both of the two heating 
apparatus have an advantage of not disturbing the 
vacuum system that is vital to the evaporation methods. 
In this work, two evaporation routes (high-frequency 
induction and laser as heater respectively) were designed 
to produce Al nanopowders and the thermal properties 
especially the excessive stored energy and microstructure 
of both powders were investigated. 
 
2 Experimental 
 
2.1 Materials preparation 

Al nanopowders were prepared using two different 
evaporation routes: induction heating evaporation (IHE) 
and laser-induction complex heating evaporation 
(LCHE). As illustrated in Fig.1, a graphite crucible with 
an alumina crucible in its center was charged into the 
induction coil. The bulk Al with a purity of 99.6% was 
put into the alumina crucible. The chamber was 
evacuated below 10 Pa and maintained at argon 
atmosphere pressure of 2 kPa. Then the high-frequency 
induction power of 5 kW was initiated, and several 
minutes later, the bulk pure Al was melted. 
 

 
Fig.1 Schematic diagram of equipment applied in LCHE 
(Equipment of IHE is same as this just without CO2 laser) 
 

Induction current of the induction power was turned 
up, and then the melted liquid vaporized rapidly. These 
evaporated Al atoms were quickly cooled through their 
collision with Ar gas and then Al nanopowders prepared 
by IHE were formed. 

The Al nanopowders prepared by LCHE followed 
the following routes. When the bulk Al melted by 
high-frequency induction power mentioned above, 

continuous wave CO2 laser irradiation (maximum output 
of 2 kW) with a power of 1.6 kW was incorporated into 
the system, which resulted in a rapid vaporization of Al. 
The following processes of condensation and particle 
formation were the same as those by IHE. 

The reactions lasted for about 15 min, and then the 
powers were turned off. At the same time, gas mixture of 
argon and air (volume ratio of 201׃) was added into the 
chamber maintaining a pressure of about 320 Pa to 
passivate Al nanoparticles. After passivating for about 10 
h, the resulting dark gray, air passivated Al nanopowders 
were collected for further testing and analysis. 
 
2.2 Microstructure observation and thermal property 

tests 
The morphology and internal structure of Al 

nanopowders were investigated using TEM on a Tecnai 
G2 20 and HRTEM on a JEM−2100FEL. The phases and 
crystal structures of the powders were analyzed with 
XRD (PANalytical B.V. X’Pert PRO) using Cu Kα 
radiation. The thermal properties of the powders were 
tested by DTA and TGA. The DTA was tested on a 
NETZSCH STA 449C thermal analysis system. All the 
samples of about 2.0 mg charged into alumina crucible 
were heated at a heating rate of 10 /min from room ℃

temperature to 800  and the experiments were carried ℃

out in dry oxygen at 20 mL/min. The TGA was tested on 
a Pyris1 TGA (PerkinElmer Instrument) with a heating 
rate of 10 /min from room temperature to 1℃  000  and ℃

the experiments were carried out in gas mixture of Ar 
and O2. 
 
3 Results 
 
3.1 Microstructure 

The general morphologies and structures of Al 
nanopowders prepared by the two routes are shown in 
Fig.2. It can be seen from Fig.2 that the produced 
nanopowders are well dispersed in a uniform sphere 
shape and a diameter range from 20 nm to 50 nm. Fig.3 
shows that both kinds of particles have a structure of 
core-shell and the shell Al2O3 coats the core Al tightly. 
The shell Al2O3 with a thickness of 3−4 nm was formed 
in the air passivation process to protect the core Al from 
intensive oxidation or even spontaneous combustion[14]. 

The XRD patterns of air-passivated Al nanopowders 
are shown in Fig.4. The strong diffraction peaks can be 
indexed to metallic Al and the weak ones correspond to 
Al2O3, which means the sample mainly contains metallic 
Al and a small quantity of Al2O3. The XRD results are in 
good agreement with the HRTEM result of the core-shell 
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Fig.2 TEM images of Al nanopowders prepared by two routes: 
(a) IHE; (b) LCHE 
 
structure. No diffraction peak from other impurities is 
detected in the sample, which means the Al nanopowders 
have high purity. 
 
3.2 Thermal property 

From DTA and TGA curves, different thermal 
properties of the samples are observed, as shown in Fig.5. 
Both onset temperatures of the two powders are about 
530 , however, the peak temperatures of the powders ℃

are 560  by IHE and 565℃   by LCHE. There is an ℃

exothermic peak on each DTA curve due to the heat 
release of the reaction between Al and oxygen (O2), 
though the peak of the powders by LCHE is sharper than 
those by IHE. Enthalpy change (∆H) determined by the 
exothermic peak area was calculated by the DTA  
thermal analysis system. As listed in Table 1, ∆H of the 
 
Table 1 DTA and TGA results of Al nanopowders 

Method tpeak/℃ ∆H/(kJ·g−1) ∆m1/% ∆m/% S/∆m*/(kJ·g−1)

LCHE 565 3.54 16.8 40.1 18.77 

IHE 560 1.18 19.8 47.1 5.30 

Al nanopowders prepared by LCHE is 3.54 kJ/g, while 
∆H of the Al nanopowders prepared by IHE is 1.18 kJ/g. 
There are two mass gains in each TG curve, and the first 
mass gain corresponds to the exothermic peak of the 
DTA curve due to the oxidation of Al. The specific heat 
 

 

Fig.3 HRTEM images of Al particles: (a) IHE (Regular crystal 
planes and uniform coating); (b) LCHE 
 

 

Fig.4 XRD patterns of Al nanopowders prepared by IHE and 
LCHE 
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Fig.5 DTA and TGA curves of Al nanopowders prepared by 
two routes: (a) DTA; (b) TGA 
 
release is given by the following formula, which is a 
parameter to determine the ability of energy release: 
 
S/∆m* =∆Hmi/(1.125∆m1mi)=∆H/(1.125∆m1)  
where S is the heat release of the sample, mi is the initial 
mass of the tested sample. 

Seen from Table 1, the ability of energy release of 
the Al nanopowders prepared by LCHE is more than 
three times of the ones prepared by IHE. 
 
4 Discussion 
 

Many reasons can be contributed to the different 
thermal properties especially the DTA ones. DTA is an 
effective analysis method to measure the thermal 
properties of energetic materials. A lot of factors may 
influence the DTA results, among them the 
reaction/carrying gas, heating rates, crucible and mass of 
the samples are the main influence factors. In this work, 
the parameters applied in this DTA instrument were fixed: 
99.995% purity of O2 was as the reaction gas with a 
fixed flux of 20 mL/min, heating rates were set at 
10 /min, the alumina crucibles were annealed at 1℃  

000  to exclude the influence of the substance attached ℃

to the crucible reacting with carrying gas, the mass of the 
samples was (2.0±0.1) mg. There were also differences 
in the DTA results when the conditions of the DTA for 
the two powders were kept the same and the systematic 
errors were excluded. Thus, the reasons for differences of 
the thermal properties exist in the nanopowders 
themselves. 

From Fig.2, it can be seen that there is no obvious 
difference in the diameter distribution of the two 
powders. Furthermore, the mean particle diameter 
estimated by Scherrer formula (D=0.89λ/(Bcosθ), from 
XRD results) is about 40 nm. Seen from Fig.3, however, 
the internal structures revealed by HRTEM differ from 
each other. In Fig.3(a), the crystal planes are of 
orderliness and the thickness of the alumina coating is 
uniform. Defects of amorphous regions and lattice 
distortions as indicated by rectangles in Fig.3(b) are 
detected. Another difference in Fig.3(b) is that a part of 
the alumina coating turns narrow (from 4 nm to 2 nm). 
Evidently, difference of the thermal property is caused by 
the difference of the internal structure and surface 
morphology of the powders. However, the different 
technologies employed in the producing of the powders 
essentially result in the difference of the structure and 
morphology of the powders. 

As for the technologies applied in the two methods, 
the IHE follows the conventional evaporation- 
condensation model[13] (illustrated in Fig.6(a)). The 
metal (bulk Al) is heated by the inductive resource to its 
melting point. As the temperature rises to the boiling 
point of the metal, the atoms of the Al escape from the 
liquid and collide to form clusters with the help of inert 
gas (Ar) and the proper atmosphere pressure in the 
chamber. Then the nanocrystalline particles deposit on 
the water-cooled wall. In the process of LCHE 
(illustrated in Fig.6(b)), the bulk Al was heated into 
liquid state by induction to improve the absorptivity of 
the target Al to laser. The incorporation of continuous 
CO2 laser plays a role of laser ablation to the target Al. In 
this laser ablation process, the energy of the laser beam is 
transferred to the target metal by the way of photothermal 
 

 
Fig.6 Schematic representation of Al particles formation:    
(a) Evaporation in IHE; (b) Laser ablation in LCHE 
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and plasma-assisted ablation[15]. After the focused laser 
beam (4 mm in diameter) was radiated on the Al liquid 
for about 1 min, a plasma arc was ignited and rapidly 
propagated in the reverse direction to the laser beam and 
in the transverse direction. The plasma expands, cools 
and condenses into clusters, which continues to migrate 
away from target Al surface until they are collected on 
the water-cooled wall of the chamber. The plasma is an 
ionized gas formed by Al atoms, which absorbs energy 
of the laser pulse. Due to the large amount of energy 
transferred to the plasma in the very short pulse time, the 
energy is restricted from transferring to the interior of Al 
particles by thermal diffusion of the plasma and stored in 
the defects (shown in Fig.3(b)). This energy is the 
excessive stored energy compared with the conventional 
Al micropowders and nanopowders produced by 
equilibrium conditions such as IHE. 
 
5 Conclusions 
 

1) Crystalline Al nanopowders were synthesized by 
two heating-evaporation processes, IHE and LCHE. Both 
the powders have a uniform spherical shape, the same 
fine size dispersion (20−50 nm) and mean diameter size. 
Under the same testing conditions of DTA and TGA, the 
ability of energy release of the Al nanopowders prepared 
by LCHE is more than three times of the ones prepared 
by IHE. The direct reason for the difference of the 
thermal properties is the different microstructures of the 
two nanoparticles.  

2) Defects of amorphous regions and lattice 
distortions in internal structure are observed in the 
particles produced by LCHE, as well as the asymmetry 
thickness of the alumina coatings. The particles produced 
by IHE have regular crystal planes and uniform coating, 
that is, no defects are observed in the particles. The 
different microstructures of the powders result from the 
different producing processes.  

3) The formation of nanopowders by IHE process 
that employs induction as its heating resource follows the 
conventional evaporation-condensation model. Laser 
ablation is involved in the synthesis of nanoparticles by 
LCHE, which has the ability of triggering the plasma arc 
that can absorb energy of the laser pulse. Due to the large 
amount of energy transferred to the plasma in the very 
short pulse time, the excessive energy is restricted from 
transferring to the interior of Al particles by thermal 
diffusion of the plasma and stored in the defects. 
Propellants composed of Al nanopowders by LCHE 
would show higher energy level and specific impulse. 
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