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Abstract An experimental study on the combustion of superfine aluminum powders (average particle diam-
eter, a; ~0.1 pum) in air is reported. The formation of aluminum nitride during the combustion of aluminum in air
and the influence of the combustion scenario on the structures and compositions of the final products are in the
focus of this study. The experiments were conducted in an air (pressure: 1 atm). Superfine aluminum powders
were produced by the wire electrical explosion method. Such superfine aluminum powder is stable in air but once
ignited it can burn in a self-sustaining way due to its low bulk density (~0.1 g/cm®) and a low thermal conductivity.
During combustion, the temperature and radiation were measured and the actual burning process was recorded by
a video camera. Scanning electron microscopy (SEM), X-ray diffraction (XRD) and chemical analysis were per-
formed on the both initial powders and final products. It was found that the powders, ignited by local heating,
burned in a two-stage self-propagating regime. The products of the first stage consisted of unreacted aluminum
(~70 mass %) and amorphous oxides with traces of AIN. After the second stage the AIN content exceeded 50 mass
% and the residual Al content decreased to ~10 mass %. A qualitative discussion is given on the kinetic limitation

for AIN oxidation due to rapid condensation and encapsulation of gaseous AIN.

Key words : Superfine aluminum powder, Combustion, Electric explosion of wire oxidizer

1. Introduction

Aluminum powders are widely used as components
of propellants and pyrotechnics of various types"® and
therefore, interest in the combustion mechanism of alu-
minum powders is increasing”. Although many
researchers have reported about the characteristics of
the combustion process for micron-sized aluminum par-
ticles in numerous oxidizers (burning rate, combustion
temperatures, brightness at each stage)™, consistent
data have yet to be obtained®. The combustion of
metal particles is a two or more stage process with the
formation and decomposition of tens of products in
different gas media®. Traces of AIN in final products
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of combustion were first reported in Ref.”. Boborykin
et al. proposed a theoretical explanation for the forma-
tion of AIN and its subsequent oxidation during com-
bustion of Al in air®. Later the role of nitrogen in the
combustion of Al was shown to be insignificant®'".
However, in the work reported here a noticeable role
of nitrogen in the combustion of Al in air was found.
Recently superfine metal powders (average particle
diameter, a: ~0.1 um) have drawn much interest as
components of propellants'”. Their thermophysical
and chemical properties, however, change drastically
as the particle size is decreased substantially. The
characteristics of superfine powders are distinguished
from those of micron-sized powders mainly through
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their lower bulk density (0.1~0.3 g/cm®), gas absorp-
tion (3~5 mass %) and their capillary system'>, Super-
fine aluminum powders (SFAP), obtained by the wire
electrical explosion (WEE) method', are not pyro-
phoric after slow air-passivation, but can burn in the
self-propagating regime in air by local ignition, which
makes them different from micron-sized powders'”.
The combustion process of a SFAP in air was studied
in this work and possible mechanisms for the forma-
tion of AIN from gaseous intermediates are discussed.

2. Experimental

SFAP were obtained by the WEE method in an
argon atmosphere using facilities developed by the
High WVoltage Research Institute, Tomsk, Russia
(described elsewhere!?). The specific surface area,
determined by the BET method, was 10 m%g. The alu-
minum metal content was C,;=92 mass %. The com-
positions of the initial SFAP and final combustion
products were studied by XRD, chemical analyses
using the Kjeldahl method (bound nitrogen content)
and the volumetric method (aluminum metal con-
tent)'®. SEM images gave the structure of the initial
powders and final products. A video camera was used
to record the combustion process in situ. Tempera-
tures were measured using both a W/Re thermocou-
ple and optical pyrometer LOP-72. The thermocouple
was placed in the center of the cone-like samples. An
optical sensor was employed for measurements of
radiation from burning powders. The experiments
were carried out in air.

3. Ignition and Combustion

Four grams of superfine aluminum powder were
poured onto a steel saucer (see Fig. 1). The shape of
the poured powder sample was cone like. For three
statistically studied SFAP samples of equal mass (4 g)
the ignition temperature determined by pyrometer was
750+100 + 820+100 K. Local ignition was initiated
by an electrically heated Ni-Cr alloy wire, which was
placed at the top of the cone-like sample. After the
ignition, combustion occurs as a non-stationary two-
stage process (Fig. 1). In the first stage of combus-
tion: from the ignition point, combustion waves of red
color propagated through the surface of the sample
(Fig. 1, b-c). The maximal combustion temperature

g) 45 sec

Fig. 1. Video images and reflections of burning of super-
fine aluminum powders (m=4 g) in air: (a)-(c) the 1% stage,
(d)-(f) the 2" stage, (g)-(h) cooling.

during stage 1 did not exceed 1400100 K (measured
by pyrometer), but temperature increase is not
reflected on the temperature curve (Fig. 2) because the
thermocouple was placed in the center of the conic
sample. After a rather slow first stage a fast and spon-
taneous temperature increase up to
2500£50 + 280050 K (measured by thermocouple)
was observed accompanied by bright radiation of
white color (stage 2). The second stage usually began
from the center of the sample and then propagated
through the whole sample volume (Fig. 1 d-f). After
the second stage when the main part of the SFAP was
reacted, the sample was cooled down fast (Fig. 1g-h).
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Fig. 2. Radiation and temperature history of superfine alu-
minum powders (m=4 g) burning in air.

4. Composition and Structure of the
Combustion Products

XRD and chemical analyses showed that the prod-
uct of the first stage, which was quenched by a fast
placing to argon, consisted of unreacted aluminum and
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Fig. 3. X-ray diffraction patterns of initial SFAP and prod-
ucts of their combustion in air (CuK, irradiation,
A=1.54056 nm). :
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amorphous aluminum oxides with some traces of AIN
(Fig. 3b) (bound nitrogen content C=0.5+0.3 mass %,
aluminum metal content C,=70+1.4 mass %). It is
noticeable that those XRD patterns of the initial SFAP
(Fig. 3a) and the quenched products of combustion
after the first stage in air (Fig. 3b) are similar to each
other, where the most intensive peaks belong to the Al
phase. After the second stage of SFAP combustion,
the content of aluminum metal in the final combus-
tion products substantially decreased (C,=11.0+14
mass %) and the content of bound nitrogen increased
(Cy=18.2£0.3 mass %). If all the nitrogen from the air
is assumed to be bound as AIN (Fig. 3c), the content
of AIN should be C,,=61.4 mass %. Microstructures
of the initial SFAP and the 2™ stage combustion prod-
ucts are shown in Fig. 4. The spherical particles of the
initial SFAP (Fig. 4a) completely changed their mor-
phology during combustion with the final products
consisting of needle-like polycrystals of micron and
submicron size (Fig. 4 b.c).

5. Results and Discussion

The phenomenon of the formation of a large
amount of AIN (50 mass %) by combustion of layer
of SFAP in air was first observed in Ref.'”. In that
work authors have shown that more than 50 mass %
of AIN (AION) was formed by combustion of a cone-
like pile of ultrafine aluminum powder in air. But in
that work the process of combustion was only moni-
tored by a thermocouple and therefore the results of
that work were semiqualitative. Later, other authors'®
have demonstrated the AIN formation in an experi-
ment on combustion of mechanicaily activated alumi-
num and graphite mixtures in air. They activated
micron-sized Al+C powders of different ratios (1/7+7/
1) in a ball mill under argon atmosphere. Activated
AI+C powders (m=~10 g) self-ignited immediately
after coming into contact with air and then burned in a
two-stage regime with the presence of the high-tem-
perature stage. Tsuchida et al.'"® assume that the mech-
anism of AIN formation includes the reaction of CO,
formation and ALC, formation and nitration. The
mechanism of AIN formation has not been investi-
gated in detail until now, although in these three cases
(present work, '®) the mechanism of combustion is
the same (the burning regimes are similar and a final
prime reaction product is AIN). The main question is
why nitrogen instead of oxygen reacts with alumi-
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(b)

(c)

Fig. 4. Scanning electron microscope images of initial
SFAP (a) and final products of their combustion in air
(b,c).

num. In some AIN synthesis studies AIN intensively
reacted with oxygen to form ALO, if traces of
oxygen'? appeared.

The final products of SFAP combustion in air are
formed under conditions of high temperature ~2800 K

AHf >kJ/mol AIN (g)

500

SFAP (s) N

= ®
Als)B2(®)

-500 ~

0L-A1203(s)

-1000-

203 K 2800 K

Fig. 5. Thermodynamic diagram of oxidation and nitrida-
tion of aluminum under mixed atmosphere of oxygen and
nitrogen.

(Fig. 2). In this case the oxidation of aluminum nitride
does not occur, which is apparently connected with the
encapsulation of nitrides by AlO,, protecting nitride
from oxidation. The initial powders are agglomerates
of sphere-like particles, whose average diameter is sub-
stantially less than | pm (Fig. 5a). However, the prod-
ucts of combustion show a skeleton of a spongy
structure (Fig. 5b). The structural fragments of this struc-
ture are elongated crystals with lengths of tens of
micrometers and thicknesses up to 1 um (Fig. 4 b,c).
From such structural characteristics of the final product
of SFAP combustion - the needle like crystals - it can be
assumed that the formation of the final product pro-
ceeded with the participation of a gaseous intermediate
product®®.

The presence of the AIN phase in the final products
of SFAP combustion is one of the main features of
SFAP combustion, which contradicts to thermody-
namic calculations (the nitride must be further oxi-
dized in air). During some period of time the
accumulation of AIN might be assumed as due to the
chemical binding of nitrogen. In this case the stabiliza-
tion of the large quantities of AIN (more than 50 mass
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%) at high temperatures occurs only under the encap-
sulation of the nitride. Otherwise suboxidation of
nitrides would occur. At low temperatures (first stage,
T<1400 K) the oxidation process proceeds due to the
diffusion of the oxidizers through the layer of prod-
ucts. Such a combustion behavior of metals in gas-
eous oxidizers is well known for SHS systems®”. The
combustion occurs in “layer by layer” regime and the
temperature gradients and the diffusion coefficient for
such processes are described elsewhere®”. According
to XRD analysis (Fig. 3), the main phase after the first
stage of combustion of the SFAP in air is unreacted
aluminum. But according to the chemical analyses the
quenched product of the first stage of combustion con-
tain C,=0.5% 0.3 mass % and C,=70x1.4 mass %. It
means that ~ 30 mass % belongs to amorphous ALO,.
On the other hand, the burning temperature of the
samples is lower than 1400 K. Additiona]]y, the vola-
tility of AlLO, increases 2 times by the presence of
melted aluminum”. Hence, we can assume that proba-
ble reactions during the first combustion stage are:

4A1(1) +30,(g) = 2A1L,04(s) 1)
2A1,04(s) + 8A1(1) — 6A1,0(g) )

After the slow first stage of combustion the sample
temperature rapidly increases up to 2800 K, most
probably because of the change of combustion to gas-
eous intermediates oxidation and nitration by the com-
ponents of air. At high temperatures (T = 2800 K)) it
is necessary to consider the reactions:

4Al(g) +30,(g) — 2A1,05(D) 3)
2A1,04(1) + 8Al(g) — 6A1,0(g) 4
6A1,0(g) + 6N,(g) — 12AIN(g) +30,(g) (5)
Al(l) - Al(g) ©)
ALO;(s) = AL O4(1) @
Thus, we assume that aluminum nitride is formed in
the second stage of the combustion process through
gaseous suboxides and then encapsulated by AlO,.
The probability of such a way of aluminum nitride
formation could be shown by thermodynamic calcula-

tions. The diagram of the thermodynamic states of the
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initial, intermediate and final products of aluminum
combustion in the presence of oxygen and nitrogen is
given in Fig. 5. Analysis of the diagram shows that the
sole source of heat at a high temperature (2800 K) is
the oxidation of aluminum to ALO,. The formation of
AlN2 88%}( at 2800 K is an endothermic process with
AH; (AIN(g))~585 kJ/mole. After the formation
of AIN in the gas phase (Fig. 5) condensation occurs
for lower temperatures with heat liberation. The tem-
perature consecutively increases during the second
stage of combustion of SFAP and decreases (Fig. 2,
radiation oscillations on the temperature curve) due to
aluminum oxidation (temperature increase) and alumi-
num nitride formation (temperature decrease). Dreizin
recently reported such radiation oscillations during
combustion of micron sized aluminum particles in N,/
O, gaseous mixtures®. Possibly, the nature of these
processes is the similar.

Thus, at low temperatures (Fig. 5) ALO,, Al,O and
AIN are formed with heat liberation. But at high tem-
peratures only the AlO, formation is exothermic (see
Fig. 5). The formation of AIN in the gas phase can be
assumed to be an endothermic reaction (5) at the sec-
ond (high-temperature) stage of the SFAP combustion
(Fig. 5). In this case two alternative effects arise: one
is the increase of the combustion rate and temperature
and the other is the reduced magnitude of the thermal
effect. The liquid phase of AIN under the conditions
of this experiment does not exist. Gas condenses into
the solid state, while ALO, is formed from the liquid
state. It might be possible to say that the localization
of the oxidation process with the formation of alumi-
num suboxides and high combustion temperature
allows the process of nitride formation. If we consider
the delocalized combustion of single particles of SFAP
or aerosols consisted of superfine aluminum particles
in air, probably, AIN will be suboxidized after forma-
tion of ones. Thus, for SFAP combustion in air, alumi-
num does not react with oxygen, but also forms nitride
in the gas phase. In other words, in the case of SFAP
combustion in air, there is a kinetic limitation on the
thermodynamically possible process of AIN oxida-
tion. Such kinetic limitation is possible due to AIN gas
formation at 2800 K and immediate rapid condensa-
tion and cooling. The formation and stabilization of
nitrides during combustion of powdery elements in air
is a normal feature not only for aluminum (present
article) and boron® but also for zirconium®. It was
also recently discovered that during the oxidation of
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powdered lanthanum in air, the final products con-
tained 50 mass % of LaN®?,

Summary

Combustion of superfine aluminum powders in air
takes place as a two-stage process.

During the first stage the combustion temperature
dos not exceed 1400 K. The combustion product
mainly consists of unreacted Al and amorphous Al
oxides, whereas only small traces of AIN are found. A
substantial increase in combustion temperature (up to
2800 K) as well as AIN content is measured after sec-
ond stage. AIN is presumably formed through gaseous
suboxides and subsequently encapsulated by ALO.. Its
oxidation is thermodynamically favorable but kineti-
cally hindered due to rapid cooling and condensation.
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