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A study was performed of the formation of metal oxide nanoparticles during combus-
tion of aluminum and titanium drops which moved in air at a velocity of up to 3 m/sec.
The source of the burning particles was a pyrotechnic mixture which contained an
oxidizer, a binder, and metal particles of size 4-350 pm. Transmission electron mi-
croscopic studies showed that the combustion products were 1-10 um aggregates of
fractal structure consisting of primary particles (spherules) of Al;O3/TiO; 5-150 nm
in diameter. The Brownian diffusion of the aggregates and their motion in electric
and gravitational fields were observed using videomicroscopic recording. The charge
distribution of TiO, aggregates and the equivalent radius of Brownian mobility were
determined. In Al combustion, the zone of nanoparticle formation is separated from
the particle surface by a distance approximately equal to the particle radius, and in
Ti combustion, this zone is located directly near the surface. Coagulation of the oxide
aerosol in the track of a burning particle leads to aerogelation with the formation of
huge aggregates. Analytical expressions for approximate calculation of the parame-
ters of the oxide particles and zones of their formation are proposed.
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INTRODUCTION

The combustion of single metal particles is of both
fundamental [1, 2] and applied [3] interest. In partic-
ular, combustion of metal powders in an aerodisperse
flame [3] is regarded as a method for synthesizing nano-
sized oxide particles for the manufacture of semiconduc-
tor ceramic catalytic materials. At the same time, it
is known that aluminum, magnesium, titanium, beryl-
lium, and zirconium can be added as energetic ingre-
dients to solid propellants, explosives, and pyrotechnic
formulations [2, 4, 5]. The combustion of a single metal
particle in air at atmospheric pressure is often treated
as a simple physical model for the processes involved
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in particle combustion in energetic formulations or in
technical devices. Therefore, the combustion of single
particles under controlled conditions has been exten-
sively studied theoretically and experimentally [1, 6-8].
A feature of the metal particle combustion mechanism
is the formation of condensed oxide, originally in the
form of nanosized particles. During the subsequent evo-
lution, the nanosized particles can be transformed to
submicron-sized and micron-sized aggregates; their size
distribution should be taken into account in calcula-
tions of many processes in technical devices. However,
because of a lack of experimental data, an established
model for metal combustion that includes the formation
of oxide nanoparticles is currently not available.

The aim of the present work was to study the
formation mechanism of TiO, and Al3O3 nanoparti-
cles during combustion of Ti and Al particles in air
at atmospheric pressure. Emphasis was on determin-
ing the size of primary oxide nanoparticles, the equiva-
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lent sizes, morphology, and electric charge of the aggre-
gates formed from the nanoparticles, and the combus-
tion stages of the metal droplets.

Al combustion has been studied fairly comprehen-
sively [8]; therefore, the present work dealt primarily
with titanium combustion.

EXPERIMENTAL

Combustion of the metal particles and the for-
mation of the oxide aerosol was studied in two
types of experiments. Experiments of the first type
were performed with specimens of a pyrotechnic mix-
ture containing metal powders with particle sizes of
4-350 pm, ammonium perchlorate as the oxidizer,
and hydroxyl terminated polybutadiene (HTPB) as the
binder. A specimen was burned at 1 atm in a 20 liters
chamber with air purified from atmospheric aerosol be
means of an analytical aerosol filter. The burning time
of the specimen was a few seconds. During combus-
tion of the specimen, the burning metal particles were
dispersed and their subsequent combustion proceeded
in air. The video recorded velocity of motion of the
droplets was 0.1-0.5 m/sec, and the burning time was
20-300 msec. Aerosol samples were occasionally taken
from the chamber during 20 min after the comple-
tion of the sample combustion. Sampling was carried
out thermophoretically for transmission electron micro-
scopic (TEM) analysis; in addition, an aerosol flux was
supplied to an aerosol optical cell similar to the Mil-
likan cell, where the motion of the aggregates (coagu-
lated particles) was recorded by a video camera with
a microscope lens and He—Ne laser illumination. The
light scattered by the aerosol particles at an angle of
90° passed through the microscope lens, which formed
their magnified images on the matrix of the charged-
coupled device (CCD) camera. The dimensions of the
field of view in the focal plane were about 0.3 x 0.4 mm.
The spatial resolution of the optical system was 3 pum,
and objects of smaller sizes were recorded as spots. In
the cell there were two parallel plate electrodes spaced
0.25 cm apart, which allowed a homogeneous electric
field to be switched on. Video recording of particle mo-
tion allowed the determination of the Brownian diffu-
sion coefficient of the aggregates and their sedimenta-
tion velocity, and the application of the field made it
possible to calculate their charge and dipole moment.

In experiments of the second type, single particles
of size 100-350 pum were added to a metal-free compo-
sition (ammonium perchlorate—organic binder), which
was filled in a quartz capillary tube of inner diameter
2.5 mm. During combustion of the composition, the
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particles were ignited and ejected from the capillary one
after another at a velocity of 1-3 m/sec. The motion
of the burning particles was recorded by a high-speed
camera. A glass plate was placed on the particle trajec-
tory so that there was a small angle between the particle
velocity and the plate surface — 5-17°. The plate was
coated with a Formvar film, on which the oxide aerosol
from the halo and tail produced by the burning particle
was deposited thermophoretically. The deposit was an-
alyzed by optical and transmission electron microscopy.
The main advantage of this technique is that the aerosol
deposit gives information on the characteristics of oxide
particles near the burning particle surface, i.e., in the
early stages of particle growth (up to 0.1 msec). The
burning time of the droplet before impact on the plate
was varied in a range of 50-150 msec by changing the
distance from the capillary to the plate.

RESULTS

Sizes and Morphology of the Aggregates
Produced by Combustion
of the Pyrotechnic Mixture

The aerosol produced by combustion of the metal in
the pyrotechnic mixtures is formed of chain-branching
Al,03/TiOq aggregates of size 0.1-10 pm which consist
of primary spherical particles (spherules) of diameter
5-150 nm. Typical images of the aggregates are given
in Fig. 1. X-ray diffraction analysis shows that the crys-
tal structure of the TiOy spherules is anatase (60%)
and rutile (40%) and that of the Al;O3 spherules is the
a- and y-phases.

Electron-microscopic images of the aggregates were
used to measure their equivalent geometrical radius,
which is defined as

R =05VLW, (1)

where L is the maximum length of the aggregate and
W is the maximum extent in the direction perpendicular
to L.

The aggregate morphology was described using the
concept of the fractal dimension Dy [9], which is the
exponent in the relation between the aggregate mass
M, and the equivalent geometrical radius R:

M, ~ RPs. (2)

The fractal dimension was determined by using two
approaches for estimating the aggregate mass. The first
approach is based on measuring (in arbitrary units) the
integral optical density of a TEM image of the aggre-
gate, which is defined as the sum of the gray values
(in the range of 0-255) for all pixels of the aggregate.
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Fig. 1. TiO; (a) and Al2O3 (b) aggregates sampled from
the reaction vessel in 1 min after combustion of the py-
rotechnic mixture.

It is assumed that the optical density of the image is pro-
portional to the local thickness of the aggregate and the
mass is proportional to density. A correction was made
for the thickness of the Formvar plate. This method of
determining the mass was validated by analytical stud-
ies [9], where it was shown that the fractal dimension
of a two-dimensional projection of an object is equiv-
alent to the fractal dimension of the three-dimensional
object if Dy < 2. In the second approach, the diameters
of all spherules in the aggregate were measured and the
aggregate mass was calculated by multiplying the total
volume of the spherules by the density of AloO3/TiOs.
Both approaches give close values of D¢. For TiO, ag-
gregates, Dy = 1.55+£0.1 (Fig. 2). In the case of Al,O3

log (M4[10"? g])
L log (Mo [1072 g]) =-1.25 + 155 x log (R[um])

0 0.4
log (R[pm])

Fig. 2. Mass versus geometrical radius for TiO> aggre-
gates: points e indicate that the mass determined by
summation of the masses of the primary nanoparticles
in the aggregate (from TEM images) and points o indi-
cate that the mass was found by measuring the integral
optical density of images of individual aggregates.

aggregates, Dy = 1.6 £ 0.1 for particles of size 10, 110,
and 340 ym and Dy = 1.8 & 0.1 for particles of size
of 4 um. In addition, it turned out that in both cases
(Al2O3 and TiOs3), the fractal dimension did not depend
on the coagulation time (i.e., the time interval between
the sample combustion and sampling) in the examined
range of 1-20 min.

The mobility radius (R,,) for TiOy aggregates was
determined as a function of the equivalent geometri-
cal radius [Eq. (1)] using the approach described in
[10]. In addition, by processing of TEM negatives, we
determined the quantitative ratios between the char-
acteristic sizes (radii): the equivalent geometrical ra-
dius (R), gyration radius (Ry), and projection-averaged
radius (Rs). As a result, we obtained the useful ratio
R:Ry:Rs: Ry =6:45:2:1 (Fig. 3). The proce-
dures used to determine the equivalent radii are given
below.

The mobility radius R,, was determined from
records of the Brownian diffusion of aggregates using
the following procedure [10]. The diffusion coefficient
D was first calculated by the Einstein equation

(Az)?2 =2Dr, (3)
where (Az)? is the average value of the squared dis-
placement of the aggregate on the axis x for identical
time periods 7. Then, R,, was calculated from the fol-
lowing equation linking R,, to the diffusion coefficient:
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Fig. 3. Brownian mobility radius, projection-averaged
radius, and gyration radius versus geometrical radius for
TiO2 aggregates.
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where k is the Boltzmann constant, T is the tempera-
ture, n is the viscosity of air, A is the free path of the gas
molecules, and Coc = 1+ AA/R,, is a correction factor
(A =1.257) [11].

By the definition, the gyration radius R, is the
mean-square-root distance of the points of the fractal
from the center of mass. In this case, R, was calcu-
lated by biniarized (black-and-white) TEM images of
the aggregates as follows:

R,=B

Here B is the image scale [um/pixel], i is the pixel num-
ber in the aggregate image, II is the total number of
pixels in the aggregate image, and rg; is the distance of
the ith pixel from the center of mass. The coordinates
of the center of mass are calculated as the mean arith-
metic values of the abscissa and ordinate of all pixels of
the image of the aggregate.

The projection-averaged radius R; is the radius of
a circle with an area equal to the aggregate area. The
aggregate area is numerically equal to the number of
pixels, so that

R, = B\/PI/T, (6)

where [? is the pixel area [pixel?].
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Fig. 4. Size distribution of AloO3 primary particles pro-
duced by combustion of pyrotechnic mixtures containing
a monodisperse Al powder with particle sizes of 4, 110,
and 340 pum and a polydisperse powder with a mean par-
ticle diameter of 10 pm.
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Fig. 5. Mean radius of primary particles versus ra-
dius of initial Al particles in the pyrotechnic mixture:
points O refer to experimental data and points e refer to
calculations using the analytical model [see Eq. (26)] and
the data of Fig. 9.

Spherule Sizes

In the investigation of the combustion of individ-
ual Al particles, it was found that the size distribu-
tion of AloOj3 spherules is a function of the diameter of
the burning metal droplet. Four series of experiments
of the first type were conducted with samples gener-
ating burning particles with a known size distribution,
namely: monodisperse particles with d;g = 340 pum and
Kyar = 0.11, monodisperse particles with dyp = 110 ym
and Ky, = 0.14, polydisperse particles with an effec-
tive size 10 ym and Ky, = 0.54, and particles with
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Fig. 6. Size distribution of TiO2 primary particles in
the aggregates produced by combustion of single Ti
particles of diameter d = 300 pum (spherule sizes are
dio = 22.4 nm and d3p = 27.9 nm) and a pyrotechnic
mixture with particle sizes d < 20 pm (spherule sizes
are dip = 22.7 nm and d3o = 28.3 nm).

a narrow size distribution with dig = 4.0 pm and
Ky = 0.23. Here Ky, = 0/djo is the coefficient of
variation (0 = \/d3, — d3, is the standard deviation).
The size distribution of primary AlyOg particles (Fig. 4)
and the dependence of the mean particle radius of pri-
mary spherules rpim on the radius r = dip/2 of the
burning Al particle (Fig. 5) were obtained.

In the case of Ti particle combustion, a correlation
between the diameter of TiO4 spherules and the size of
the initial Ti particles was not found. Figure 6 gives
spherule size distributions for combustion of monodis-
perse single titanium droplets with a size of 300 pum
(experiments of the first type) and titanium particles
with sizes less than 20 pym in the pyrotechnic mixture
(experiments of the second type). It is evident that the
distribution functions are similar and the mean sizes of
the primary oxide spherules are close.

Charge Distribution
on TiO, Aggregates

Using videomicroscopic records of the velocity of
aggregate movement in a homogeneous electrical field
of strength 200 V/cm, we calculated the charge of
the aggregates by the balance equation between the
electrostatic-interaction and viscous-friction forces:

6munR,,

1+ MA/R,, (@)
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Fig. 7. Charge distribution of TiO2 aggregates having
mobility radius R., ~ 0.18 pm: the solid curve is the
approximation by the Gaussian distribution f(q).

Here ngy, is the number of elementary charges on the ag-
gregate, e is the value of the elementary charge, F is the
electric field strength, and v is the velocity component
of the aggregate that arises when the field is switched
on. Initially (similarly to [10]), the motion of the ag-
gregate in the absence of the field was recorded and the
mobility radius R,, was determined; then, the field was
switched on and the velocity v was determined. As a
result, several Gaussian charge distributions

o) = exp (— 5
= —=exp| —
D= S5 P\ T 9RpkT
were plotted for aggregates with quasimonodisperse mo-
bility radii [12]. Here

o 2
> = ;e’{p (_ 2R(j;kT)

(q is the electric charge and Rp = 0.31 pum is the equiv-
alent charge radius). Figure 7 shows one of the distribu-
tions for the mobility radius in a range of 0.15-0.20 pm.
A more detailed discussion of the properties of these dis-
tributions is given in [12].

Data on the charge distribution on the Al;Og3 ag-
gregates are presented in [8].

Videorecording of
Al and Ti Droplet Combustion in Air

Figure 8 shows typical images of a burning alu-
minum droplet. Characteristic features of aluminum
particle combustion are the presence of a lens-like oxide
cap on the surface and a reaction zone (halo) distant
from the surface, where aluminum oxide nanoparticles
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Fig. 8. Burning Al droplet: shadow image behind a blue
light filter (a) and in the natural glow (b).

are formed by the reaction between metal vapor and air
oxygen. The radius of the reaction zone Rye,. (halo)
depends on the radius of the burning droplet r (Fig. 9).
The burning time of an Al droplet of diameter of about
100 pm in air is 20-30 msec. At the end of combustion,
the flame is usually extinguished in 1-3 msec. Approx-
imately 1% of the total number of aluminum particles
explode at the end of combustion.

In contrast to Al particles, almost all Ti particles
exploded, the series of frames in Fig. 10 illustrates this
process. The light segment (track) in the first frame
(7 = 0) is the particle trajectory for a time of 0.9 msec.
The next frame (7 = 1 msec) shows the moment of
particle explosion. It is evident that in 7 = 1-3 msec,
most of the resulting fragments explode again. In some
cases, a series of explosions is observed. Thus, frag-
ment 3, which exploded in the last frame (7 = 15 msec)
resulted from the explosion of fragment 2.

Figure 11 shows a burning Ti droplet with an oxide
smoke halo. We note that, unlike in Al particle com-
bustion, a reaction zone distant from the surface is not
observed, i.e., the zone of oxide nanoparticle formation
is in immediate proximity to the droplet surface.
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Fig. 9. Ratio of the radius r of a burning Al particle
to the halo radius Rreac as a function of the Al parti-
cle radius (points) [17]; the solid curve is a solution of
Egs. (18) and (19).

To obtain data on the early stages of oxide nanopar-
ticle formation, we used “imprints” of the halo and tail
zone of the burning metal droplets under their small-
angle impact on the plate. Figures 12 and 13 show
thermophoretic deposits of AlyO3 and TiOs produced
by impact of Al and Ti droplets and the correspond-
ing optical density profiles of these deposits. In the
case of aluminum, the density profile has two maxima,
which indicates that the reaction zone is at a distance
from the particle surface (see also Fig. 8). In the case
of titanium droplet combustion, unlike in the case of
aluminum, the deposit density declines monotonically
with distance from the center. A TEM image of the
TiOy deposit is shown in Fig. 14. It is evident that
single particles and fairly small aggregates are present
near the surface and long chain aggregates are observed
in the tail zone.

The results demonstrate that there are significant
differences between the Ti and Al combustion mecha-
nisms.

DISCUSSION OF THE RESULTS

Dimension of the Halo
(Location of the Reaction Zone)
for Al Combustion

The temperature of the burning Al droplet is equal
to the boiling point of aluminum and is Ty =~ 2500 K
[13]. The reaction-zone temperature is limited by the
dissociation temperature of AloOjz; we assume that
Treac =~ 3200 K [14]. The diffusion flow of aluminum
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12 msec

13 msec

Fig. 10. Sequence of frames illustrating explosion at the end of titanium droplet combustion:
the initial diameter of the droplet is 200 pm; the frame exposure time is 0.9 msec; the initial
time for each frame is shown in each frame; the exploding fragments are marked by 1-3.

vapor moving from the surface and the oxygen flow
moving counter to it interact in the reaction zone to
form gaseous AlO, Al,O, AlO5, and Al;O2 suboxides,
which produce liquid AloO3 nanoparticles as a result of
chemical condensation [14].

The position of the reaction zone relative to the
surface can be estimated approximately by solving the
stationary diffusion equations for Al and Oy vapor:

dCa;
Ipl = —47p*—2 Dy, 8
Al ™ =g, P (8)
dCo
Io, = _47fﬂ2d—p2D02~ (9)

Here Ip, and I) are the oxygen and aluminum diffu-

sion fluxes, Cp, and Cy) are the oxygen and aluminum
concentrations, and Dg, and D4 are the oxygen and
aluminum diffusion coefficients, respectively; p is the ra-
dial coordinate. The boundary conditions are as follows:
Ca1 = CY, for p =1, Cpy = 0 for p = Ricac, Co, = CF,
for p = p*, and Cp, = 0 for p = Ricac. Here 7 is the Al
particle radius, Ryeac is the radius of the reaction zone,
Cgl is the aluminum vapor concentration near the sur-
face (for a partial pressure of 1 atm), and C3, is the
oxygen concentration at infinity. The value of p* will be
determined below. It should be noted that the diffusion
coefficients in Eqgs. (8) and (9) depend on temperature
and, hence, on the radial coordinate p.
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Fig. 11. Two successive frames of a burning titanium
droplet in self-radiation, the aerosol tail is in light scat-
tered at an angle of 90°: the droplet diameter is 200 um,
the repetition frequency is 1000 frames/sec, the frame
exposure time is 0.9 msec; the left side of the frame is‘
shielded by a dense filter in order to partially suppress
the natural glow of the burning particle and to record its

diameter.
. a . I, rel. units b
Deposit from Deposit from
the reaction zone the aerogelation zone 20F

Point of impact l \

Droplet motion direction 1mm

0o 0.4 0.8 1.2 16
r, mm

Fig. 12. Deposit from a burning Al particle of initial diameter of 300 um under small-angle impact of the
particle on the plate (a) and the density profile of the AloOs deposit in section A (b).
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roplet motion direction = == =z —
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Fig. 13. Deposit from a burning Ti particle of initial diameter 300 pym under small-angle impact of the
particle on the plate (a) and the density profile of the TiO2 deposit from the reaction zone in section A (b).



Formation of Metal Oxide Nanoparticles in Combustion of Ti and Al Droplets 657

The temperature profile in the neighborhood of the
particle can be found from the heat-conductivity equa-
tion

q= —47Tp2)\(T)—. (10)

In Eq. (10), X is the thermal conductivity; for air,
A~ 27-T98 erg/(cm - sec - K) [15]. The boundary condi-
tions for Eq. (10) are as follows: T = Tg for p = Rreac,
T =T for p=r, and T = Ty for p = p* (Tp is room

temperature). The solution of Eq. (10) is given by

1—r/p
T1.8 _ T1.8

s + 1 - T/chac
r < p < Rreaca

1 - Rreac/p
1 - chac/p*

Ricac < p < p.

The Oz and Al diffusion coefficients can be written [15]
as

T - 7
(11)

T1.8 _ TSI.S + [T018 _ T}l%.8]’

(12)

Do, = D, T, (13)

Dpy = DY T8, (14)

Substituting expressions (11) and (12) into (13) and
(14), we solve Eqgs. (8) and (9):

47TDO CO Tsl.8 _ T1.8
IAIZ Al Al[ R ]7 (15)

11 T!8
R (75)
r Ricac T}{g

4 DY CX [TE® —Ty8)
O2 702" R 0
Ip, = . . (16)

1 1 Tl.S
(@)
chac P* TQ .
The oxygen and aluminum fluxes are linked by the sto-
ichiometric relation

4
In1= 3 1o, (17)

The ratio of the diffusion coefficients is [16]

D
Al PO 3y
Doz M2 02

Here o1 and o5 are the collision cross sections between
05 and Ny and between Al and Ns, respectively, and
MOy MN, MAITMN,

=t = 2
MmO, + MmN, MAL+ MmN,

where mp), mo,, and my, are the atomic (molar)
weights of Al, O, and Na, respectively. Taking into
account that Cgl/C(")o2 ~ 0.57, from Eqgs. (15)—(17), we
obtain

Rreac/r - 1
1 - -ereac/p>k

The quantity p* in Eq. (18) corresponds to the distance
at which the oxygen concentration can be considered
approximately equal to the initial concentration 06"2.
It can roughly be estimated as

P* ~ chac + ldiﬁ- (19)

Here laig = /2Do,7« is the characteristic diffusion
length, where D, ~ 2.3 ¢cm?/sec is the oxygen diffu-
sion coefficient at a certain intermediate temperature,
for example 1500 K and 7. = Ryeac/VUgas is the char-
acteristic time (vgas is the incident flow velocity in the
reaction zone). Simultaneous solution of Eqs. (18) and
(19) yields the ratio r/Ryeac. The calculation result is
shown in Fig. 9 (see the curve). It is evident that there
is satisfactory agreement with experimental data (see
the points in Fig. 9).

~1.92. (18)

Al,03 Spherule Size

Experimental results [17] have shown that the
oxide-spherule diameter depends on the burning-
particle size (see Fig. 5). To explain this dependence,
we estimate the spherule diameter using a simple model.
In Fig. 12b, it is evident that the width of the reaction
zone is approximately 0.3 Rycac. Then, the reaction vol-
ume is equal to

Vieac = 47TR1?eac - 0.3 Rreac- (20)

In the reaction zone, the oxide vapor supersatura-
tion is very high; therefore, we assume that the initial
cluster contains two Al atoms. Then, with allowance
for (15) and (20), the nucleation rate is expressed as

_ In _ DaCRiy’

" 2Wieae  0.472(1— )’
where ¢ = r/Rycac is the experimentally measured [17)
ratio of the radii of the burning droplet and the reaction
zone (see Fig. 9). The residence time in the reaction
zone can be found using the Stokes equation for the
tangential velocity component v; [18]:

— 3 L3\
vy = Uoo(l 1% 4@)sm6‘. (22)

Here v, is the gas flow velocity as p — oo and 6 is
the angular coordinate. The residence time can be set
approximately equal to

(21)

T—m/6
T / RrCaC do
~ Voo (1l — 3¢/4 — ©3/4)sind
/6
2.6r

" setp(1 — 3p/4 — p3/4)
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The integration limits are chosen from an analysis of
the video images. The nanoparticle concentration in the
reaction zone n is estimated from the condition that the
nucleation and coagulation rates are equal:

Kn? =w, (24)

where K is the coagulation constant. The mean
nanoparticle radius is found from the material balance
equation linking the mass of Al atoms that enter the
reaction zone for time 7 and the total mass of nanopar-
ticles in the reaction zone:

4
w—nT = g”rgam ijl\i[O?’ Ny. (25)
Here rpart is the mean radius of nanoparticles in the
reaction zone, pal,0, ~ 4 g/cm? is the density, M is
the molar weight of Al;O3, and Np is the Avogadro
number. With the use of Egs. (21), (23), and (25),
the mean radius of aluminum oxide nanoparticles in the

reaction zone is expressed as

.  3MVEwr _ 78M
P ATNAPALOs  ATNAPALLOs Voo

KD C%
x AlZAL L 2. (26)
0.4 1-3p/4—3/4\1—¢p

The nanoparticles are entrained in the gas flow to form
a smoke tail. The temperature decreases rapidly with
distance from the burning particle, and at the exit from
the reaction zone, it reaches the solidification point of
the oxide (see Fig. 8a). Next, coagulation of the solid
particles forming the aggregates occur. Therefore, we
assume that the spherule size is equal to the nanopar-
ticle size at the exit from the reaction zone.

To estimate 7part, we assume that the diffusion co-
efficient of Al atoms in nitrogen is given by the relation
[16]

r

Dy =

3 RT(ma) + mn,)
8(7‘A1 + TNQ)QCNQQ 27‘1'TTLA1WLN2

where r5) and ry, are the radii of the Al atom and Nj
molecule, respectively, R is the gas constant, and € is
the collision integral. At a temperature of about 3000 K,
Q ~ 0.6 [16] and Dp; ~ 15 cm?/sec. For particles
of size 5-60 nm, the mean coagulation constant is K
~ 1077 cm?/sec at a temperature of 3000 K [19]. Taking
into account that the velocity of the incident air flow
is ¥ A 10 cm/sec in order of magnitude and using
experimental values of the ratio r/Ryeac (see Fig. 9),
we can estimate the radius of primary particles as a
function of the size of the initial burning droplet. The
calculation results are presented in Fig. 5. It is evident
that under the assumptions made, the calculation is in
good agreement with experimental data.

Karasev, Onishchuk, Khromova, et al.

Explosion of a Burning Titanium Droplet

The physical picture of titanium droplet combus-
tion is as follows. After ignition, the temperature of the
liquid particle increases rapidly due to the reaction with
oxygen on the surface, which is accompanied by heat re-
lease. Because of oxygen and nitrogen diffusion into the
droplet, it is a Ti—~O-N liquid solution. The nitrogen
concentration in the droplet reaches 10%(at.) [7], which
is not sufficient for the formation of solid-state TiN. In
the first 150 msec of combustion, the droplet tempera-
ture reaches 2700 K and then declines to 2200 K, and
the process is ended in an explosion [7] (see Fig. 10).
The temperature decline in 150 msec after the combus-
tion initiation is probably related to a decrease in the
heat-release rate with decreasing rate of oxygen diffu-
sion into the droplet due to a decrease in the oxygen
concentration radial gradient. Ultimately, the freezing
temperature is reached. By that time, the mean oxy-
gen concentration in the particle is about 40%(at.) [7].
An increase in the dissolved-oxygen concentration leads
to an increase in the phase-transition temperature. For
the Ti—O system, it is equal to approximately 2100 K.
The phase transition involves the formation of two solid
phases: TiO and Ti;O3. The presence of dissolved ni-
trogen favors a decrease in the phase-transition temper-
ature by a few tens of degrees, but this will be ignored in
the subsequent qualitative estimation. The solid phase
probably begins to form on the face part of the moving
particle, which should be colder because of the incident
air flow, and then, a solid shell forms which covers the
entire surface of the liquid core. The formation of the
solid shell is accompanied by release of gaseous nitrogen
into the interior of the particle. It is assumed that the
particle explodes when the excess nitrogen pressure in
the shell becomes equal to its ultimate strength.

The ultimate strength of the spherical shell can be
estimated as

Fim = 4no[rd, — (rsn — 6)?], (28)
where o = 40 MPa is the ultimate tensile strength per
unit surface, rgp is the outer radius of the solid shell, and
J is the thickness of the solid layer (i.e., the difference
between the outer radius and the radius of the liquid
interior). The average velocity of the fragments (vf ~
360 cm/sec) and their number (~100) were obtained by
analysis of a large number of video images of exploding
droplets of diameter 100 pm. The total kinetic energy
of the fragments is Ey, = mv)% /2 =~ 0.14 erg, where
m is the droplet mass. The increase in the surface en-
ergy gyt due to the formation of a new surface of the
fragments can be found using the surface tension of ti-
tanium oxide v ~ 270 dyn/cm [15]. Estimation gives a
value Fgyt = 0.31 erg. The total energy spent in the
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dispersion of the liquid is Fiot = Fikin+ Esurt = 0.45 erg.
This energy is part of the work of the excess pressure,
and the other part is spent in the gas expansion result-
ing from the explosion. The lower bound of the excess
pressure can be estimated assuming that the total en-
ergy of the scattering fragments Fio is equal to the
work W), due to the excess pressure.

To calculate the excess pressure of dissolved gas in
the case of a thin shell, we use the Vant Hoff law

W, = NRTIn 22 ~ NRTIn — 2T
Po (4/3)mr3po
Here p;, is the pressure inside the shell, pg is atmo-
spheric pressure, and N is the number of moles of dis-
solved gas. For rg, = 5-1073 cm, W, = 0.45 erg,
and T = 2100 K, we obtain the following solution of
Eq. (29): N =5.1-10712, which corresponds to a shell
pressure pi, = 1.7 - 10° Pa. Equating the values of the
excessive pressure and the ultimate strength (28), we
obtain the following relation for the shell rupture pres-
sure:

(29)

e — [; _
Pin — Po = (1 — 5/7“511)2

The solution of Eq. (30) gives a value § ~ 4.4-107% cm.
Using this value of § and the pressure py,, we obtain
the nitrogen concentration in the near-surface layer di-
rectly before the explosion Cy ~ 8%. This value of the
concentration C estimated as the lower bound agrees
with the experimental data of [7], where Cx = 10% for
a titanium droplet of diameter 240 pm.

1} . (30)

Formation of TiO, Nanoparticles

The formation of titanium oxide nanoparticles is
controlled by oxide vaporization from the burning-
droplet surface. The vapor pressure p and temperature
decrease with distance from the particle; in this case,
the degree of supersaturation S = p/psat increases since
the saturated-vapor pressure ps.t depends strongly on
temperature. At a certain distance from the surface,
the supersaturation reaches the critical value and nu-
cleation begins.

Because of the presence of a temperature gradient,
the nanoparticles move from the surface under the ac-
tion of the thermophoretic force. In addition, they are
entrained in the incident flow and form a smoke tail (see
Fig. 11). As follows from Fig. 13a, the diameter of the
smoke halo, i.e., the zone around the burning droplet
in which the particles are found by optical and electron
microscopy) is ~500 pm for an initial droplet diame-
ter of 300 ym. Therefore, the width of the smoke halo
around the particle is about 100 pm. The residence time

of oxide nanoparticles 7 in this zone is determined by
both the incident-flow velocity and the thermophoretic
velocity; therefore, the width of the zone of nanopar-
ticle formation can be estimated as the product of the
thermophoretic velocity ur by the time 7. Estimation
of the time 7 by Eq. (23) for ¢ = 0.5 gives a value
7~ 2-107% sec. The thermophoretic velocity is deter-
mined as follows [11]:

vT
ur = —0551/T, (31)

where v =~ 3 dyn - cm is the kinematic viscosity of air at
T = 2000 K. To calculate VT'/T by Eq. (31), we use the
temperature profile in the neighborhood of the particle
obtained by solving the heat-conductivity equation (10)
subject to the boundary conditions T' = T at p = r and
T =T, for p =~ 3v2ar ~ 6r, where a = 2.2 cm?- sec is
the temperature diffusivity of air at T = 1200 K (an
intermediate value between T and T). The solution of
Eq. (10) is given by

TH8(p) m T — 1.2(T1 — TLS) {1 _ ﬂ ’
(32)
R<p<or.
This estimation gives VT'/T = 30 cm~! in the zone of

nanoparticle formation, and using expression (31), we
determine the thermophoresis velocity ur & 50 cm/sec.
As a result, the thermophoretic length is equal to
up X 7 ~ 100 pm, which agrees with the experimen-
tally measured width of the zone nanoparticle formation
(zone of the smoke halo).

Let us estimate the rate of generation of titanium
oxide vapor F'. In experiments with videorecording, it
was found that the burning time of a Ti droplet of ra-
dius r = 150 pm to explosion is tpym ~ 0.2 sec. We
assume that during this time, approximately half of the
Ti atoms is transferred to vapor, i.e., the coefficient of
transition to vapor is a = 0.5. Then,

4mr® pry
F=a 3 M Na
where pi = 4.1 g/cm® and My = 47.9 g are the den-
sity and atomic weight of titanium. Assuming that
the volume-averaged radius of the spherules is 7prim
= 14 nm (see. Fig. 6), we obtain the particle concen-
tration

~1.8-10"8 sec™,  (33)
tburn

r )3 priMTio, T 1
pTiOQMTi thurn Vi

Npart = OZ(
T'prim

=1.4-10" cm™3, (34)

where pri0, = 3.8 g/cm? is the density of the oxide,
Mrio, = 79.9 g is its molecular weight, and V,, is the
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Fig. 14. TEM images of titanium oxide particles from the reaction zone (a) and the aerogelation zone (b).

volume of the zone containing nanoparticles. The criti-
cal nucleation rate is ®¢y & Npare/T & 107 em ™3 sec™ 1.
To estimate the distance from the droplet surface at
which nucleation begins, we use the classical nucleation
theory taking into account the Reiss factor [20, 21]. The
nucleation rate is expressed as

o~ Psat S 3InS
T 2kTrre, PTiO, &

167m3,
‘ﬂ%(%)g)

where & = 6-10712 Pa~! is the isothermal compression
coefficient of titanium oxide, v is the surface tension,
rer 1s the radius of a critical nucleus (i.e., a nucleus that
is in unstable equilibrium with vapor), and mrio, is
the mass of the TiO5 molecule. The supersaturation S
is linked to the critical nucleus radius by the Kelvin
equation [20]:

X exp ( (35)

2ymT
Ins — ™Mo, (36)
kTpTiOQT(:r
The temperature dependence of the saturated vapor
pressure of titanium oxide is written as [22]

log peas = 11.2 — 27,000/T (37)

(psat is in torr). The titanium oxide vapor pressure is
estimated from the stationary diffusion equation

2 dCTi0,

Itio, = —47p D0, (38)

where Crjo, is the concentration of titanium oxide
vapor and Drjo, is the diffusion coefficient of tita-
nium oxide molecules, which depends on the temper-
ature as Drip, ~ 8.2+ 1075717 cm?/sec [the calcu-

lation is similar to the calculation for Dy, formula
(27)]. With the use of (32), the diffusion coefficients

can be represented as a function of the coordinates p:
Dri0, ~ 0.01/p*® cm?/sec. Now, integrating Eq. (38)
subject to the boundary conditions Crio, = Ciyo,
(0%102 is the saturated-vapor concentration at the sur-

face) for p = r and Cip, = 0 for p = 3,/2D1i0,T ~ 57
(D1i0, &~ 1.4 cm? /sec for T' = 1200 K), we have

Crrio, ~ [1.8 - 0.8\/5 } 0, (39)

prios~ [18-08 /2ot (0

where the quantity pk,, corresponds to T" = 2500 K.
The dependence of the supersaturation S on p is found
from Eqs. (37) and (40) by approximating it by a linear
function:

or

log S = 0.046(p — 150) (41)

(p in pm). Solution of system (35), (36), (41) yields
the coordinate at which the nucleation rate reaches a
value @, = 107 cm~3-sec™!. The coordinate is equal
to ~165 pum, and the supersaturation Sc, ~ 5. Thus,
ignoring the dependence of the surface tension on the
critical-nucleus radius, we can conclude that the nucle-
ation process starts at about 15 pm from the droplet
surface.

The results of video recording (see Fig. 8a) and in-
vestigation of the deposit formed during the impact of
droplets on the plate (see Figs. 12a, 13a, and 14b) indi-
cate that aerogelation occurs in the smoke tail, i.e., long
chain branching aggregates form, whose sizes are com-
parable with the tail diameter. The reason for this is the
high concentration of nanoparticles around the burning
droplet (see also [23]). The video records show that the
smoke tail is not mixed with ambient air, at least, for
tsail = 0.01 sec. If the nanoparticle concentration in the
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zone of formation (halo) is set equal to 103 cm™3 [see

Eq. (34)], it can be assumed that after the transfer of
nanoparticles by the flow into the tail of the burning
droplet, their concentration increases to 10 cm ™2 due
to cooling of the combustion products to room temper-
ature. Using the value K ~ 2-107% cm?-sec™! [19] as
the lower bound of the coagulation rate constant, we
estimate the particle concentration in the tail after a
coagulation time of 0.01 sec:

1

ttail

Ntail ~ =5-10'% cm~3.

As is evident in Fig. 14b, the nanoparticles form long
chain branching aggregates with cross section of about
10 spherules, on the average. In the coagulation time
tiail, the characteristic length of such chains l.gs, is
equal to

10t
bger = 155 1010
On the other hand, the average distance between the
aggregates at that moment is equal to
; I 1
FMitail ~ 51010 cm -3
Taking into account that the effective distance of elec-
trostatic interaction (due to the presence of charges on
the aggregates) has a value on the order of the aggre-
gate length [8] and that the coagulation constant at high
aerosol concentrations is much larger than the Smolu-
chowski constant [23], it becomes clear that aerogelation
certainly occurs by the time 1072 sec. Let us estimate
the limiting length of the aggregates formed by aeroge-
lation. The diameter of the tail zone (i.e., the aerosol
zone behind the burning droplet) is ~100 pum. Then,
the effective volume filled with the aerosol is equal to
approximately Veoag ~ 1075 cm?. In 1072 sec, the lim-
iting length of the chain aggregates in this volume is
equal t0 Imax = (Veoag/10) - 5 - 101920 nm = 100 pm,
which agrees with the length of the aggregates presented
in Fig. 14b.

dprim = 4 pm. (42)

~ 2.7 pm. (43)

CONCLUSIONS

The combustion of Al and Ti particles of size
4-350 pm in air is accompanied by the formation of
metal oxide aerosol particles in the form of aggregates
with sizes of fractions of a micrometer to a few hun-
dred micrometers consisting of primary spherical par-
ticles (spherules) of diameter 5-150 nm. The fractal
dimension of the aggregates is Dy ~ 1.6.

For TiO, aggregates, the ratio between the equiv-
alent geometrical radius, the gyration radius, the

projection-averaged radius, and the mobility radius is
as follows: R/Ry/Rs/Rn = 6/4.5/2/1. The aggregates
have bell-shaped charge distributions symmetric about
zero, with a characteristic value of the charge of about
several elementary units.

For Al particle combustion, the ratio of the radii of
the droplet and the reaction zone (halo) and the radius
of the primary particles (spherules) depend on the size
of the burning particle. The obtained dependences are
explained using a simple diffusion model.

Ti droplet combustion is accompanied by a series of
successive explosions. This feature of the Ti combustion
mechanism is explained with the use of an approximate
model based on the assumption that dissolved nitrogen
is released into the internal volume as the crystalline
shell forms around the liquid droplet and the shell pres-
sure rises. The model predicts that before explosion, the
concentration of dissolved nitrogen in the liquid droplet
increases to ~8%(at.).

During titanium combustion, the metal reacts in
a heterogeneous regime and oxide nanoparticles are
formed by nucleation of oxide vapor at about 15 pm
from the surface of a burning Ti droplet of diameter
300 pm. In this case, the supersaturation of titanium
oxide vapor is S¢; ~

In the smoke tail of burning single particles, Al;O3
and TiOy aggregates of length from several tens to sev-
eral hundreds of micrometers were found. The forma-
tion of such aggregates is attributed to aerogelation at
a high concentration of the spherules.
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No. RP05E15), INTAS Foundation (Grant No. 03-53-
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