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Introduction

The investigations of metal droplet combustion are inspired by both
fundamental interest [1, 2] and possible applications [3]. In particular,
the combustion of metal powder can be an effective way of synthesis of
semiconductor and ceramic oxide nanoparticles [3]. Aluminum powder
serves as an energetic additive to rocket propellants [2]. In respect to
this application, a single metal particle burning in air at 1 atm was
selected by many researches (see, for example, [1, 4]) as a simple m(?del
for theoretical and experimental study. Even though in most practical
propellants metal particles burn at high pressures, with CO», CQ, a'nd
H,0 oxidizers, the understanding of a more simple example will give
an insight to the processes occurring in the real system.& C(?mbustlon
of Ti droplets results in the formation of TiO2 nanopartlc}es in anaFase
crystal modification [5]. The anatase modification is active in various
' photocatalitic redox reactions. That is why the combustu:)n r‘out‘e of
synthesis of TiO» nanoparticles has attracted a great atter}tlon in liter-
ature [6, 7]. However, at present, there is a lack of experimental dz.a,ta
on metal-oxide nanoparticle formation which complicates elaboratlf)n
of appropriate models of metal particle combustion which could predict
the characteristics of oxide nanoaerosols.
In this work, TiO5 and Al,O3 nanoparticle formation during com-
bustion of Ti and Al droplets in air at atmospheric pressure was studied.
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Experimental Procedure

Two types of experiments were carried out. In the first, the droplets
were burned in a 20-liter reaction chamber at atmospheric pressure.
The combustion experiment was as follows. A mixture consisting of
an oxidizer, binder, and Ti powder was first preraped. Ti particles
with the size of less than 20 pm or less than 120 pm were used. This
composition was burned in the reaction chamber. During combustion,
the burning metal droplets were ejected to the gas phase. Thus, the
pyrotechnical composition was used only to ignite metal particles and
the main droplet combustion proceeded in the air in the reaction cham-
ber. After completion of combustion, nanooxide aerosol particles were
sampled from the chamber for analysis in a Transmission Electron Mi-
croscope (TEM). The sampling was performed thermophoretically to
the TEM grids covered by a film of polyvinyl formal (trade mark —
“Formvar”). Figure la shows the burning surface of the pyrotechnical
mixture. Figure 1b shows a schematic diagram of particle ignition at
the burning surface and subsequent combustion in the air.

The second type of combustion experiments was as follows. A single
particle and igniting composition were charged into a quartz capillary
with the inner diameter of 0.2 cm. Al particles of three diameters were

Metal droplet
burning in the
ambient air

Figure 1 (a) Video frame of the burning pyrotechnical mixture; and
(b) schematic diagram of droplet ignition and combustion in air
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Surface

Impact point

Figure 2 Stroboscopic image of a burning droplet moving to the surface
at a small angle. The time interval between the consecutive droplet images
is 3 ms

used: 4, 110, and 340 pm. The diameter of Ti particles was 330 pm.
Combustion of the igniting mixture resulted in ejection of burning metal
droplets from the capillary with the velocity of 1.5-3.0 m/s. A moving
droplet collided at a small angle with the glass surface covered by a
Formvar film. As a result, a nanoparticle deposit was formed at the
surface. Finally, the Formvar film with the deposit was detached from
the surface for TEM analysis. The main advantage of this technique
is that the “quenched” deposited nanoparticles provide direct informa- ~
tion on the particle morphology at early stages (1-3 ms) of particle
growth. The time of droplet flight was varied by changing the distance
between the capillary and the surface and was in the range between 50
and 100 ms. Figure 2 shows a stroboscopic image of the burning droplet
moving to the surface at a small angle. The droplet hits the surface and
rebounds.

Results

Figure 3 shows a high-speed photography image of a burning Al particle.

One can see a reaction zone with liquid primary oxide particles
and smoke tail (or aerogelation zone [8], see also Fig. 4a) with long
chain-like aggregates tens of microns in length formed. A typical image
of the deposit formed thermophoretically when the burning Al droplet
approached to the surface is shown in Fig. 4a.

The deposits from the reaction zone and from the aerogelation zone
can be clearly distinguished. Figure 4b shows the density profile of the
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Figure 3 High-speed shadow microphotography image of a burning Al
droplet (exposure time of 0.8 us)
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Figur.e 4 (a) Image of a deposit formed at the surface due to the impact of
a burning Al droplet at a small angle; and (b) density profile of the deposit
at location A (see image a)

deposit from the reaction zone. There are two maxima in this density
profile which indicate that the reaction zone is detached from the surface
by the distance of about one droplet radius. Figure 5a shows the image
of deposit produced by a burning Ti droplet. The density profile of the
reaction zone deposit is presented in Fig. 5b. The profile for Ti droplets
differs from that for Al droplets. More specifically, the profile for Ti
droplets has one maximum in the center, in contrast to the profile for
Al droplets. This observation indicates the heterogeneous character of
Ti droplet combustion.
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Figure 5 (a) Image of a deposit formed at the surface due to the impact
of a burning Ti droplet at a small angle; and (b) density profile of the deposit
from the reaction zone (see image a)

TEM images of TiO, aggregates formed at combustion of Ti
droplets are shown in Fig. 6. Figure 7 shows frequency distributions
of TiO aggregate radii. The aggregate radius R was measured from
the TEM image as

R:%\/LW (1)

where L and W are the dimensions of a rectangle enclosing the image of
a single aggregate. The aggregate morphology was described in terms
of the fractal-like dimension Dy, which was determined from a power
relationship between the aggregate mass M and radius measured by
TEM analysis:

M « RPs (2)

To determine Dy, the values of aggregate masses were plotted as log M
vs. log R. Tt was important to measure the aggregate mass properly.
Two approaches for aggregate mass determination from the TEM
data were employed. The first approach is based on the densitometric
elaboration of the aggregate TEM images. To determine the aggregate
mass (in arbitrary units), the “integral optical density” of individual
aggregate TEM image was measured. It was assumed that the local
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Figure 6 TEM images of TiO, nanoparticles formed at combustion of
Ti droplets; (a) and (b) images of the deposit formed by the small-angle
deposition of a single burning droplet to a surface (a — from the reaction zone,
b —— from the aerogelation zone); and (¢) typical TiO, aggregate sampled from
the reaction chamber after combustion of the pyrotechnical mixture

optical density in the aggregate image is proportional to the local ag-
gregate thickness; thus, the total aggregate mass is proportional to the
“Integral optical density.”

This approach seems to be reasonable because even the fractal-
like dimension of a two-dimensional projection is known to be approxi-
mately equal to the Dy value of the original three-dimensional object if
Dy <29, 10]. The second approach involves measurements of a diam-
eter of each primary particle composing the aggregate followed by the
direct calculation of the total aggregate mass (using the TiO, density
of 4 g/cm®). Both approaches gave nearly the same fractal-like dimen-
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Figure 7 Frequency distribution of TiO, aggregate radii: (a).aggregates
from the deposit formed by the collision in a 330-micrometer burning droplet
with a surface (from reaction zone); and (b) aggregates samp.led from t’he
reaction chamber after combustion of pyrotechnical mixture (Ti powder size
< 20 pm) ’
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Figure 8 TiO; aggregate mass vs. aggregate radius. The aggregates were
sampled from the surface deposit after collision of a burning dr.oplet (a), and
from the reaction vessel after combustion of a pyrotechnical mixture (b)

sion. Figure 8 compares the fractal-like dimensions for TiO, ag.gregz?tes
from the deposit (reaction zone) formed by collision of a burning TiO,
droplet with the surface (Fig. 8a) and the aggregates formed by com-
bustion of the pyrotechnical mixture (Fig. 8b).
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One can see that the fractal-like dimension is the same for these two
.types of aggregates and equal to Dy & 1.6, when the aggregate diameter
is larger than 50 nm. When D < 1.6, the fractal-like dimension is

Dy = 2.8 due to the restructuring of small aggregates in the reaction
zone.
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Figure 9 Frequency distribution of primary particle diameters in TiO,
aggregates formed by combustion of single 330 pm droplets {a) and < 20 gm
droplets (b)
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Figure 10 Frequency distribution of primary particle diameters in Al;O3
aggregates formed by combustion of single Al particles of size 4 (1), 110 (2),
and 340 pm (3)
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Figure 9 shows the frequency distribution of primary particle diam-
eters of TiO, aggregates formed by combustion of single Ti droplets of
diameter 330 pym (Fig. 9¢) and less than 20 um (Fig. 9b).

These spectra are almost identical and the mean arithmetic diam-
eters are 22.4 and 22.7 nm, respectively. Thus, the size distribution of
primary particles does not depend on the size of initial Ti droplets.
In the case of Al droplet combustion, the situation is quate differ-
ent (Fig. 10). As seen, the primary particle size distributions depend
strongly on the diameter of the initial Al droplet as contrasts to the case
of Ti droplet combustion. This difference is an additional indication of
the heterogeneous character of Ti droplet combustion as the reaction
zone for Al droplets is distant from the surface (which indicates the
gas-phase combustion mechanism).

Concluding Remarks

When studying the metal-oxide nanoparticle formation during com-
bustion of Al and Ti droplets, two distinct zones of the smoke tail
were found. These zones are attributed to the reaction zone and to
the zone of aerogelation, where the primary particle concentration is so
high that microscopic aggregates with the size up to several hundred of
micrometers form.

The fractal-like dimension for small aggregates of TiO; with a size
exceeding 50 nm is equal to 1.6; for smaller aggregates, Dy = 2.8, which
is caused by small aggregate restructuring in the reaction zone.

The analysis of deposit profiles showed that in case of Al droplet
combustion, the reaction zone is detached from the droplet surface by
the distance of about one droplet radius. In case of Ti droplets, the
combustion occurs heterogeneously at the surface. This conclusion is
confirmed by the fact that the size distribution for the primary parti-
cles in TiO, aggregates does not depend on the diameter of initial Ti
droplets, in contrast to the AloO3 primary particles.
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