[image: image10.png]seconds. Typical propellant formulation included 15-
20% of metal, 15% of polybutadiene-type binder and
ammonium perchlorate. The mean mass particle size
was 30 pm for Al and 100 pum for Ti, respectively.

The combustion of aluminized sample is accompanied
by generation of burning agglomerates of 50 - 300 um
in diameter. In combustion of Ti-containing samples,
mostly original liquid metal droplets are ejected from
the burning surface. The droplets move downwards in
the ambient air and generate oxide aerosol. From the
video records, it was determined that the metal droplet
burning time is 0.1 - 0.3 s and the droplet velocity is
about 30-150 cn/s. After finishing the propellant sample
combustion, the AL,O, or TiO, aerosol was kept in the
reaction vessel for certain time (from 1 to 20 min). Then
the aerosol particles were sucked from the vessel and
studied by the video system or precipitated
thermophoretically for Transmission Electron
Microscopy (TEM) JEM-100SX analysis.

TEM analysis gives information about the size and
morphology of aerosol particles. In addition, the crystal
structure of primary particles has been analyzed by TEM
in the regime of electron diffraction (see insertion in
Fig. 1).

The video system is used for studying the coagulation
of oxide particles aggregates. In the experiments, a probe
of aerosol is injected into the optically accessible cell.
Focused He-Ne laser beam passes through the cell. The
light scattered by aerosol particles at the angle of 90°
comes through a flat window to microscope objective
and then to CCD camera connected to the video-system.
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Figure 1. Schematic Diagram of Experimental Set-
up. The electron Diffraction Micrograph and Typical
Image of AL, O, Aggregate are given in the Inserts.

The objective draws an image of particle on the CCD-
matrix with magnification of 15 times. The visualization
field in the optical cell is about 300x400 um?. The focal
depth in the object space is 30 um. Delivered spatial
resolution of the system is nearly 3 um. For smaller
size, the aggregates are detected as illuminated spots.

To create homogeneous electric field, two parailel flat
electrodes are installed in the cell. The distance between
electrodes equals 0.25 cm. Studying the movement of
the aggregates in the electric field provides information
on their electric charge or dipole moment for analyzed
aggregates upon switching the direction of electrical
field.

RESULTS AND DISCUSSION

The aluminized propellant under study follows typical
“strong agglomeration” scenario’. In this scenario,
melting and ignition of Al particles occur mostly on the
burning surface. They form relatively large round shape
agglomerates that start burning within the propellant
surface layer with formation of typical “halo™ and smoke
tail. In combustion of Ti-containing propellant sample
we observed the bright glowing particles of burning
metal generated smoke in flame. Examination of TEM
images of Al,O, and TiO, smoke particles shows that
they look as chain-like aggregates (Fig. 2) composed
of small spherical primary particles (spherules). The
electron diffraction studies revealed that in case of
relatively fast cooling of the oxide particles, they have
crystal structure y-AlL O, and anatase-TiO,. In the cases
of longer exposure time of particles in the flame, one
may obtain a-ALO, or rutil-TiO, crystal forms,
respectively.

When studying in detail the morphology of ALO, and
TiO, aggregates, one may calculate the mean diameter
d_ of primary particles for selected aggregate. The size
of the primary particles is in the range of 10 - 150 nm.
The example of the particle size distribution function is
shown in Fig. 3. Difference in the mean primary particle
size for 2 different aggregates is seen. Fig. 4
demonstrates variation of the mean aggregate size for
the group of Al O, aggregates.

Variation of d, value for AL,O, aggregates is probably
caused by the difference in the combustion conditions
(local vapour concentration, temperature distribution,
size of flame zone) for metal droplets. Actually, each
aggregate consists of several groups of primary particles,
which differ considerably by the diameter of primary
particles. These groups can be called “primary clusters”.
One may suppose that the primary clusters are originated
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ABSTRACT

Properties of AL O, and TiO, nanoparticles generated
in combustion of small specimens of solid propellant in
air were studied. It was established that the primary
particles of 40-50 nm size form aggregates of about 1
um size. Subsequently, the aggregates coagulate as
observed directly by a video system. Mean size of
primary particles (Al O, and TiO,) and fractal dimension
of the aggregates (Al,O,) have been determined. The
aggregate movement in the electric field revealed that
the majority of aggregates are charged positively or
negatively with typical charge value being about 10
elementary units. A part of aggregates are dipoles as
indicated by the aggregate rotation when changing the
electric field polarity. The video registration showed
that the charge of aggregates considerably affects the
coagulation process. Qualitative explanation of the
aggregates charging in combustion of metal particle has
been proposed.

INTRODUCTION

It is known that the product of typical metal combustion
is condensed oxide. The formation of the condensed
oxide is a major technical problem', which has to be
studied in detail in order to control the particles size
and the rate of their production. In the case of
combustion of metallised solid propellants, the oxide
particles cause two-phase losses of the specific impulse
and partially damp the pressure oscillations in solid
motor. At the same time, during the launch and ground
testing of solid motors based on aluminized propellant,
a large amount of alumina particles escape to the
atmosphere and forms specific aerosol system. The
properties of this system are important for estimation
of potential environmental impact. For instance, there
are reports? on formation of chlorinated dibenzofuranes
and dibenzodioxines, which are known to be
carcinogenic and mutagenic compounds. Obviously, the
ultra fine condensed particles (< 1 um) have great
specific surface area available for accumulation of
harmful compounds. Such particles can easily penetrate
to human lungs. However, there is a lack of information

about these particles because they were not studied in
detail being not of primary importance for the motor
performance. Similar problem arises upon firing/burning
of large solid motors for disposal which is performed
according to the international treaties or due to expiry
of service life. It is necessary to minimize the
environment impact due to formation of oxide aerosol
during such operations.

In addition to the listed issues, the formation of the
condensed oxide has to be studied from the point of
view of production of specific nature nanoparticles. As
an example, the fine particles of y-Al,O, can be used
for production of flexible ceramics. On the other hand,
the fine TiO, particles having excellent photocatalytic
properties may serve as an effective tool for removal of
harmful contaminants from air. As convenient way for
production of such kind of aerosol particles, the firing
of the pyrotechnic charges containing pure metals can
be considered. This is believed to provide fast response
in the cases of technogenic or natural catastrophes as
well as in the case of terrorist act.

It was found in our previous works** that the combustion
of metallised (Al or Ti) solid propellants results in
formation of charged aggregates of primary oxide
particles of tens nm size. The present work is a
continuation of this research. The aim of the present
work was to investigate in more details the properties
of charged aggregates of Al and Ti oxide particles. For
this end we examined temporal behaviour of the
aggregate size, morphology and charge. The role of
Coulomb interactions in aggregate coagulation has been
explored.

EXPERIMENTAL

The experimental set-up used for investigating the AL,O,

aerosol formation and evolution is shown in Fig. 1. The
same installation has been used for studying the TiO,

aerosol behaviour. A small (non-inhibited) sample of
solid propellant is combusted in a reaction vessel of
20 I volume filled before the experiment with cleaned
(filtered) air. The pressure in the vessel is 1 atm. The
sample combustion time typically is approximately few
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ammonium perchlorate. The mean mass particle size
was 30 pm for Al and 100 pum for Ti, respectively.

The combustion of aluminized sample is accompanied
by generation of burning agglomerates of 50 - 300 um
in diameter. In combustion of Ti-containing samples,
mostly original liquid metal droplets are ejected from
the burning surface. The droplets move downwards in
the ambient air and generate oxide aerosol. From the
video records, it was determined that the metal droplet
burning time is 0.1 - 0.3 s and the droplet velocity is
about 30-150 cn/s. After finishing the propellant sample
combustion, the AL,O, or TiO, aerosol was kept in the
reaction vessel for certain time (from 1 to 20 min). Then
the aerosol particles were sucked from the vessel and
studied by the video system or precipitated
thermophoretically for Transmission Electron
Microscopy (TEM) JEM-100SX analysis.

TEM analysis gives information about the size and
morphology of aerosol particles. In addition, the crystal
structure of primary particles has been analyzed by TEM
in the regime of electron diffraction (see insertion in
Fig. 1).

The video system is used for studying the coagulation
of oxide particles aggregates. In the experiments, a probe
of aerosol is injected into the optically accessible cell.
Focused He-Ne laser beam passes through the cell. The
light scattered by aerosol particles at the angle of 90°
comes through a flat window to microscope objective
and then to CCD camera connected to the video-system.
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Figure 1. Schematic Diagram of Experimental Set-
up. The electron Diffraction Micrograph and Typical
Image of AL, O, Aggregate are given in the Inserts.

The objective draws an image of particle on the CCD-
matrix with magnification of 15 times. The visualization
field in the optical cell is about 300x400 um?. The focal
depth in the object space is 30 um. Delivered spatial
resolution of the system is nearly 3 um. For smaller
size, the aggregates are detected as illuminated spots.

To create homogeneous electric field, two parailel flat
electrodes are installed in the cell. The distance between
electrodes equals 0.25 cm. Studying the movement of
the aggregates in the electric field provides information
on their electric charge or dipole moment for analyzed
aggregates upon switching the direction of electrical
field.

RESULTS AND DISCUSSION

The aluminized propellant under study follows typical
“strong agglomeration” scenario’. In this scenario,
melting and ignition of Al particles occur mostly on the
burning surface. They form relatively large round shape
agglomerates that start burning within the propellant
surface layer with formation of typical “halo™ and smoke
tail. In combustion of Ti-containing propellant sample
we observed the bright glowing particles of burning
metal generated smoke in flame. Examination of TEM
images of Al,O, and TiO, smoke particles shows that
they look as chain-like aggregates (Fig. 2) composed
of small spherical primary particles (spherules). The
electron diffraction studies revealed that in case of
relatively fast cooling of the oxide particles, they have
crystal structure y-AlL O, and anatase-TiO,. In the cases
of longer exposure time of particles in the flame, one
may obtain a-ALO, or rutil-TiO, crystal forms,
respectively.

When studying in detail the morphology of ALO, and
TiO, aggregates, one may calculate the mean diameter
d_ of primary particles for selected aggregate. The size
of the primary particles is in the range of 10 - 150 nm.
The example of the particle size distribution function is
shown in Fig. 3. Difference in the mean primary particle
size for 2 different aggregates is seen. Fig. 4
demonstrates variation of the mean aggregate size for
the group of Al O, aggregates.

Variation of d, value for AL,O, aggregates is probably
caused by the difference in the combustion conditions
(local vapour concentration, temperature distribution,
size of flame zone) for metal droplets. Actually, each
aggregate consists of several groups of primary particles,
which differ considerably by the diameter of primary
particles. These groups can be called “primary clusters”.
One may suppose that the primary clusters are originated
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Figure 2. TEM Images of the Aggregates Composed of TiO, (left) and AL, (right) Nanoparticles.
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in the combustion of different aluminium droplets and
later they form the final aggregate in course of the
coagulation process in the ambient air.

The radius of aggregate R was calculated from TEM
micrographs as:

R=%JLW (1)

where L and W are the dimensions of the rectangle
enclosing the image of a single aggregate® Fig. 5
presents the arithmetic mean value of radius R of AL,O,
aggregates vs coagulation time defined as the time
interval between the specimen combustion ceasing and
the aerosol probe sampling.
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The ALO, aggregate morphology can be described in
terms of fractal-like dimension D, which was
determined from a power relationship between the
aggregate mass M and radius R measured by TEM
analysis’.
M o< RD" (2)

Two approaches for the aggregate mass determination
have been employed. The first one is based on the
measurement of the “integral optical density” of
individual aggregate TEM image. It was assumed that
the local optical density in the aggregate image is
proportional to the local aggregate thickness. The second
approach involves measurement of diameter of each
primary particle composing the aggregate followed by
direct calculation of the total aggregate mass. Both
approaches gave the same fractal-like dimension D, =
1.60+0.04 (see Fig. 6). It was determined that the fractal-
like dimension did not change with coagulation
time in the range of 1 - 20 min for ALO,
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electric field (Fig.7) inside the optical cell was studied
using the video system. The electric field was directed
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Important experimental finding is that some aggregates
are dipoles. This was demonstrated by their rotation
when changing the electric field polarity. The Coulomb
interaction in the coagulation process was examined by
direct observation of the aggregate - aggregate collision.
Processing of the video data showed that the velocity
of the approaching aggregates increases with time and
reaches maximum value at the moment of collision.

The aggregate net charge was estimated from the balance
between the Coulomb force and the drag force F:

neE = F, | 3)

Here 1 is the number of the elementary charges in the
aggregate, ¢ is the elementary charge (4.8x10° units of
CGSE), E is the electric field intensity. The drag force
is®

E, =6mvnR_(I+JAR )’ @

where n is t 2 viscosity coefficient for air, V is the
aggregate velocity, R is the mobility equivalent radius,
A is the gas mean free, path, A=1.257. The experimental
data on the Al,O, and TiO, aggregate charges are
presented in Fig. 8a b. It is seen that both the positively
and negatively charged aggregates were detected during
these experiments.

Obviously, the Coulomb interactions revealed in the
experiments can make effect on the mechanism of the
aggregates coagulation. Indeed, it was found (Fig. 6)
that the fractal-like dimension of alumina aggregates is
about D = 1.6. However, the value of D, depends on
the mechanism of aggregate formation. The mechanism
of classical diffusion-limited cluster-cluster aggregation
(DLCCA) results in D, ~ 1.8 7. The DLCCA mechanism
assumes that aggregates collision occurs due to the
Brownian diffusion and there are not long-range
interactions between colliding aggregates. On the other
hand, any long-range attractive interaction between
coagulating particies will result in a smaller value of
fractal-like dimension °. Thus, the Coulomb interactions
may explain relatively low fractal dimension derived
for the observed alumina aggregates.

Possible mechanisms of Al,O, nanoparticles formation
and aggregation under combustion of aluminium

droplets can be described in the following manner.
Aluminium burns in the vapour phase because of the
lower boiling point for Al as compared with the final
combustijon product AL O,. The reaction is assumed to
be limited by the diffusion of oxidizer towards the
droplet. The reaction (or flame) zone at pressure of 1
atm is located in the region r/r;=3 -6, whererandr,
are the radial coordinate and droplet radius, respectively.
In this zone, a homogeneous reaction takes place
between the gaseous aluminium and oxidizer (oxygen
in ambient atmosphere). The intermediate reaction
produéts consist of gaseous suboxides such as AlO,
AlOz, AIZO, AlZOZ. These compounds condense in the
flame zone and form AL O, smoke. The condensation
in aluminium combustion differs from that in classical
nucleation theory. It occurs via heterogeneous chemical
reactions on the-surface of alumina nanoparticle "%,

The ALO, particle growth is characterized by
simultaneous coagulation and coalescence. The newly
formed nanoparticles in the hot reaction zone
nanoparticles are liquid and spherical. At the distance
of several radii from the droplet surface, the temperature
decreases up to the Al,O, melting point '°. The particle
concentration n_in the periphery of the reaction zone,
where the solidification occurs, can be estimated on the
basis of the rate w , of aluminium evaporation from the
droplet and mean diameter of primary alumina particles,
which is about 40 nm. The evaporation rate w , can be
roughly estimated from the droplet burning time that
was about 200 ms in our experiments. Thus, we have

wy =1 3% 10'® atoms per second and the particle
concentration n_= 3x10" cm”.

It was mentioned above that the aggregates sampled
from the reaction chamber consist of primary clusters.
The diameter of primary particles in the same cluster
varies in a small extent while diameter of particles from
different clusters can differ considerably. Therefore, one
can assume that different primary clusters are derived
from different smoke tails, i.e. from different buming
droplets. The average cluster formation time t,  can
be estimated using the average number of primary
particles in a cluster (N = 270). Totally, the aggregate
formation process can be divided into two stages: cluster
formation from primary particles of the given smoke
tail and subsequent aggregate formation from clusters
originated from different tails.

Thus, it can be stated that at time t <t _ the coagulation
of particles originated from the same droplet proceeds
leading to cluster formation; and at t > T the
coagulation of clusters originated from different Al
droplets occurs that results finally in formation of




[image: image6.png]aggregate composed of different clusters.

The experimental data obtained during this work
demonstrate that most alumina aggregates are charged
with both positive and negative charges. The
mechanism of charged aggregates formation can be
assumed as follows. In conditions of our experiments,
burning Al droplet falls down in the ambient air and
has estimated positive net charge about 10° - 10% e. u.
There is an electron cloud around the burning droplet
with electron concentration about 10'2 cm™ just near
the droplet surface and about 10? -10° cm™ in the reaction
zone. There are also ultra fine ALO, particles in the
reaction zone formed in chemical condensation reaction.
Their positive charge is about a few e.u. The alumina
nanoparticles are driven by the relatively slow
counterflow of air out of reaction zone. Both temperature
and electron concentrations decrease strongly when
Al,O, particles leave the reaction zone. At the end, when
the particles cool down to the room temperature the
neighbouring electrons are caught by particles. As a
result, some particles become neutral and others are
positively or negatively charged depending on the
number of the caught electrons. The coagulation of
charged primary particles results in formation of charged
primary clusters and then in formation of charged
aggregates.

Note that only small solid propellant samples were used
in the present work as a source of the burning metal
droplets. The metal particles first ignited in the
propellant flame and continued burning in the ambient
air. Such experimental conditions usually provide
information about the initial stage of oxide nanoparticles
evolution. In the case of combustion of aluminium
particles in large size propellant sample flame or in the
rocket chamber the surrounding temperature can be
higher than the alumina melting point during much
- longer time. It may result in the enhanced contribution
of the coalescence process. In addition, the concentration
of condensed particles of different size in this
environment is higher than in the case of individual
droplet combustion. The size distribution for aerosol
particles growing in combustion of large size propellant
samples is the question that has no clear answer at
present time.

CONCLUSION

The experimental study of AL, and TiO, nanoparticles
formed in combustion of the metal droplets in air has
been carried out. It was found that the oxide
nanoparticles are generated in the form of aggregates
composed of fine primary particles. The diameter of

primary particles is in the range 10:140 nm. The size of
aggregates varies in the range between 0.1 and few
microns. -

It was determined that the majority of ALO, and TiO,
aggregates are charged both positively and negatxvely
Typical charge of aggregates is a few elementary units.
Some of the aggregates are dipoles. By the video
registration, it was demonstrated that the charge of
aggregate considerably -affects both the coagulation
processes.

The fractal-like dimension of the alumina aggregates
has been determined as D, = 1.6, which does not
correspond to the Diffusion-Limited Cluster-Cluster
Aggregation model prediction. It was assumed that the
Coulomb interactions between colliding aggregates are
responsible for this low value of fractal-like dimension.
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Figure 8 (a,b) - Video Records of Consecutive Stages of Agglomerate-tendril Collisions. Time
Interval Between Stages Dt = 0.04 s. (c) - Velocity of Aggregate vs Distance Between the Aggregate
and Tendril for the Right Image (8b).
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Figure 8 (a,b) Charge Distribution Over Al,O, (a) and TiO, (b) Aggregates.
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