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Processes are considered for conversion into a fractal structure of a hot metal micron-size particle that is located
in a buffer gas or a gas flow and is heated by an external electric or electromagnetic source or by a plasma. The
parameter of this heating is the particle temperature, which is the same in all of the particle volume because
of its small size and high conductivity. Three processes determine the particle heat balance: particle radiation,
evaporation of metal atoms from the particle surface, and heat transport to the surrounding gas due to its
thermal conductivity. The particle heat balance is analyzed based on these processes, which are analogous to
those for bulk metals with the small particle size and its high temperature taken into account. Outside the
particle, where the gas temperature is lower than on its surface, the formed metal vapor in a buffer gas flow
is converted into clusters. Clusters grow as a result of coagulation, until they become liquid, and then clusters
form fractal aggregates if they are removed form the gas flow. Subsequently, association of fractal aggregates
join into a fractal structure. The rate of this process increases in middle electric fields, and the formed fractal
structure has features of aerogels and fractal fibers. As a result of a chain of the above processes, a porous
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metal film may be manufactured for use as a filter or catalyst for gas flows.

DOI: 10.7868/5S0044451015100041

1. INTRODUCTION

The behavior of a hot micron-size metal particle lo-
cated in a gas or gas flow is of interest for various phy-
sical problems. Metals consisting of atoms with s and d
electron shells are used widely as catalysts [1-4], which
work due to electron transitions between s and d elec-
tron shells [5]. Catalytic properties may be stronger for
metal clusters, and metal clusters as catalysts may be
free [6, 7] or be attached to some oxide surfaces [8-11].
This is the basis of nanocatalysis [5,12]. A hot metal
particle in a plasma determines the character of plas-
machemical processes [13-15]. In addition, the process
of vaporization of a heated metal microparticle may be
used for generation of metal clusters [16]. Hence, the
behavior of a hot metal particle in a buffer gas is of
interest for various problems.

In analyzing the processes involving a hot particle
in a buffer gas, we consider two aspects below. The
first group of processes determines a thermal equilib-
rium of the particle at a given power absorbed by the
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particle from an external source. Such a source may
be gas discharge supported by constant or alternating
electric fields, or it can emit electromagnetic waves of
various wavelengths, including laser radiation. Because
thermal equilibrium quickly sets in the particle due to
its small size and high conductivity, we can characterize
the action of an external energy source by the particle
temperature, which is the same for all particle points.
Processes that are responsible for particle heating in-
clude thermal radiation of the particle, heat transport
from the particle to the buffer gas, and particle vapo-
rization. The subsequent group of processes includes
the evolution of a metal vapor resulting from particle
vaporization. First, this atomic vapor is transformed
into a gas of clusters in a gas flow, and subsequently
these clusters grow as a result of coagulation and coa-
lescence. When the temperature of the gas where metal
clusters are located decreases below the melting point,
association of clusters leads to the formation of frac-
tal aggregates. In turn, they may join subsequently in
other structures, in aerogels, or in fractal fibers if the
growth process occurs in an external electric field.

In analyzing the character of processes with the par-
ticipation of a metal particle located in a gas flow, we
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Fig.1. Scheme of transformation of a heating metal
microparticle in an argon flow in the course of gene-
ration of metal clusters and cluster structures: 1 —
argon flow; 2 — aggregation chamber; 3 — micropar-
ticle; 4 — region of energy insertion from an external
source; 5 — injection of microparticles in argon flow;
6 — line of flow propagation; 7 — yield gas flow; 8 —
motion of clusters; 9 — region of growth of fractal
structures; 10 — electric field

keep the scheme presented in Fig. 1 [14, 16]. In this
scheme, a metal particle (or particles) drops (drop) in
a flow of a gas and is heated by gas discharge plasma or
electromagnetic radiation including the plasma formed
under the action of this radiation. We do not consider
this aspect of particle heating below, and characterize
the degree of particle heating by the particle tempera-
ture. In addition, we restrict ourselves in some calcula-
tions by particles consisting of iron, copper, and silver;
we are guided by a particle radius of 100 ym as a typ-
ical size of particles in production, and by argon as a
buffer gas.

2. PROPERTIES OF HOT METAL PARTICLES
AND METAL VAPORS

In considering the processes involving a hot metal
particle in a buffer gas, we first prove the quiet char-
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acter of the buffer gas flow. In Fig. 2, we show the
Reynolds number Re of the particle in an argon flux in
accordance with the formula [17]

Re = > (2.1)
where r» = 0.1 mm is the particle radius, v is the argon
viscosity at a given temperature, and v is the flow ve-
locity. Because of small Reynolds numbers, motion of
the flow has a laminar character. We take the velocity
vy of the vertical argon flow such that the Stokes force
for particle interaction with the flow is equalized by the
particle weight, and the particle is suspended in space.
This velocity is given by [17]

_ 2gpr?

- (2.2)

vy
where g = 980 cm/s? is the free fall acceleration, p is
the particle density, and n is the argon viscosity.
Table 1 contains numerical parameters of metals
and metal clusters [18-21] that are used in the analysis
of processes in a buffer gas. The Wigner—Seits radius
rw is defined according to the relation [22, 23]

where n is the number of atoms for a particle of radius
r. Values of the numbers of particle atoms n are given

r

(2.3)
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Fig.2. The Reynolds number of a metal particle lo-

cated in an argon flow at the velocity such that the

particle weight equalizes the Stokes force. A particle
radius is 0.1 mm, pressure is 0.1 atm
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Table 1. Some parameters of metals and metal
vapors
Parameter Fe Cu Ag
rw, A 1.47 1.47 1.66
n, 1017 3.2 3.2 2.2
o, €V 3.83 3.40 2.87
A, eV 3.0 2.2 2.0
E J 0.14 0.17 0.12
Yo, 1017 571 3.0 2.2 2.0
k 1.78 1.14 1.13
po, 108 atm 1.1 1.5 1.5
T, K 1812 1358 1235
Ty, K 3023 2835 2435

in Table 1 for the particle radius » = 0.1 mm. The
total binding energy of atoms in a cluster consisting of
n atoms is given by [24]

E =eon — An?/3, (2.4)

and includes the first two terms in the expansion of this
quantity over a small parameter n~ /3. Here, ¢ is the
atom binding energy for a macroscopic particle, the pa-
rameter A characterizes the surface cluster energy, and
the values of these parameters are presented in Table 1
for metals under consideration together with the total
binding energy E of particle atoms.

We take the temperature dependence of the metal
conductivity ¥ in the form

k
sox, (20"

The parameters of this formula are given in Table 1 for
the relevant metals. In addition, the saturation vapor
pressure pgq: is approximated by the formula

(2.5)

Psat = Po €XP (—%0) : (2.6)

Parameters of metals and their clusters given in Table 1
are used below. In this consideration, we assume the
cluster temperature 7" to be the same at all points of the
particle volume. Using values of the metal conductiv-
ity, we can estimate a typical time of establishment of
the identical temperature over the particle volume; this
time is less than 1078 s. Times of processes under con-
sideration significantly exceed this value. Table 1 also
contains values of the melting point T}, and the boiling
point Ty for metals under consideration. We note that
the particle temperature lies in the range between the
melting and boiling points.

3. PROCESSES OF HEAT BALANCE OF A
HOT METAL PARTICLE

Taking the particle temperature as a parameter that
determines the degree of its excitation, we find the
power P that is absorbed by a hot metal particle and
support a given temperature. The heat balance equa-
tion in this case has the form

P =Prg+ Pey + Q, (31)
where P,..q is the radiation power emitted by the parti-
cle, P., is the power consumed on evaporation of atoms,
and the power @ is determined by heat transport to the
buffer gas via its thermal conductivity. A hot particle
emits radiation from a skin layer near its surface, and
the depth of the skin layer is of the order of photon
wavelengths. The problem of absorption and scattering
of electromagnetic radiation by a planar metal surface
is solved in detail in book [25]. In the case under consi-
deration, a radiating surface can be reduced to a planar
surface, and based on the detailed balance principle, we
obtain the grey coefficient a(w) of the metal surface for
a given frequency w in the form [25]

a(w) = %[m(é)—gﬂ},

Y <1
o= —— .
47y

(3.2)

The smallness of the grey coefficient a(w) is determined
by the high metal conductivity, which leads to a small
parameter a. This gives the radiation power emitted
by the particle
Proq = a(T) - 4nr’oT?, (3.3)

where o is the Stephan-Boltzmann constant and a(7T')
is the grey coefficient averaged over frequencies. Prac-
tically, averaging reduces to using the grey coefficient
at the radiation wavelength A related to the maximum
radiation power at a given temperature in accordance
with the Wien law [26], A = 0.30 cm - K/T', where the
particle temperature T is expressed in K.

Instead of the particle temperature, it is convenient
to use its reduced value

(3.4)

Using this parameter, we can approximate the grey co-
efficient for the surface of pure metals as

a = apzr*. (3.5)
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Fig.3. Heat balance of a metal particle of a radius

of 0.1 mm heated by an external source. The particle
material is (a) Fe, (b) Cu, and (c¢) Ag

Values of parameters in this formula are given in Ta-
ble 2. Accordingly, the radiation power P,,q emitted
by the particle takes the form

Prag = Por®a*t, (3.6)

where r is the particle radius, and the parameters of
this formula are contained in Table 2 for metals under
consideration. In addition, Fig. 3 gives the dependence
P,.o4(T) for metal particles under consideration.

The power consumed on atom evaporation from the
particle surface is equal to P., = Veycq, Wwhere ve, is the

Table 2.  Parameters of the heat balance for a metal

particle located in a buffer gas

Parameter Fe Cu Ag
ao 0.37 0.22 0.17
ky 0.1 0.75 0.70
Py, W/mm? 4.2 2.5 1.9
k1 4.13 4.73 4.67
Dy, cm? /s 43 42 33
vy, 102 (cm - s)7! 2.2 2.9 2.3
Py, 10° W/cm 1.3 1.6 1.0
€ 22.2 19.7 16.6
v, 1029 71 2.0 1.9 1.5
Py, W/cm 120 105 70
T., K 2740 2690 2020
D(T.), cm?/s 74 70 33
T:, K 2400 2100 1800

rate of evaporated atoms from the particle surface and
€p is the atom binding energy for this metal. There are
two mechanisms of atom evaporation from the particle
surface. In the first case, the number density N, of
buffer gas atoms significantly exceeds the number den-
sity Ngqt(T) of metal atoms that corresponds to the
saturated vapor pressure for this metal at a given tem-
perature. Then the number density of metal atoms at
the particle surface is equal to the saturated number
density Ngqt, and equilibrium near the surface leads
to the equality of fluxes of evaporated and attached
atoms, whereas the resultant flux of evaporated atoms
from the particle surface is less than each of these va-
lues and is determined by diffusion of metal atoms in
the buffer gas due to a gradient of the concentration of
metal atoms in the buffer gas. Ignoring the influence
of motion of the buffer gas on the character of atom
removal from the particle surface, we express the rate
of atom evaporation from the particle surface in this
regime according to the Smolukhowski formula as [27]

Vey = 4mr Dy Ngot (T), (3.7)

where r is the particle radius and D,, is the diffusion
coefficient of metal atoms in the buffer gas. Taking the
temperature dependence of the diffusion coefficient in

the form
D,, = Do”, (3.8)

where & 1.7 [28], we give the parameters of this for-
mula for argon as a buffer gas at the argon pressure
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p = 0.1 atm in Table 2, based on [29]. Based on for-
mula (2.6), we represent expressions for the rate v,
of atom evaporation from the particle surface and the
power of evaporation P., in the form

Vey = 11z exp (—%) , 39

€
P,, = Pira® exp (——) .
T

The parameters of formula (3.9) are given in Table 2.
For another mechanism of particle vaporization,
N, € Ngot(T), the evaporation rate is given by [19, 30]

T
Vey = 4112\ | ==—— Noat(T), (3.10)
2mm
where m is the mass of evaporated atoms. But the

number density of atoms cannot exceed the value
N, (T) that corresponds to a current gas pressure and
is established for a time ¢t ~ r/cs, where ¢; is the sound
speed at the particle temperature; for the conditions
under consideration, t ~ 1077 s. Therefore, at tem-
peratures where Ngq:(T) > Ng, the number density of
metal atoms near the surface is N,, = N,, and the
atom evaporation rate by analogy with formula (3.9) is
equal to

Vey = 4mrD,,, N, (T). (3.11)
Correspondingly, using the analogy with formula
(3.10), we obtain the following expressions for the
rate v, of atom evaporation and for the evaporation
power P.,:

Vey = orx™, P, = Pyra™. (3.12)
Table 2 gives the parameters of formula (3.12) along
with the temperature T, of transition between the
above mechanisms of particle vaporization according
to the relation

No = Ngat (T). (3.13)

The parameters in Table 2 correspond to the argon
pressure p = 0.1 atm. Figure 3 contains the tempera-
ture dependence for the power consumed on vaporiza-
tion of metal particles of the radius 0.1 mm.

The evaporation rate allows us to determine the
particle lifetime if this process occurs at a constant tem-
perature. Indeed, the balance equation for a number n
of particle atoms has the form

dn

E = —Veu,

(3.14)

Tevy S

10

0.1
1600

Fig.4. Evaporation time (lifetime) for a metal particle

of a radius of 0.1 mm as a function of temperature.

Arrows indicate the temperatures T¢ at which the effi-
ciency of particle vaporization is one half

and because the evaporation rate v., is proportional
to the particle radius or N/3, the particle lifetime 7o,
follows from the solution of this equation and is given
by

3’110
Weyp

(3.15)

Tev

where ng is the initial number of particle atoms. The
temperature dependences for the total evaporation
time of metal particles of a radius 0.1 mm are given
in Fig. 4.

Because of small Reynolds numbers, according to
Fig. 2, convection of a gas flow near the particle is ab-
sent, and heat transport to the buffer gas is determined
by the gas thermal conductivity. We use the following
temperature dependences for the thermal conductivity
k(T) and the thermal diffusion x(T") coefficients of ar-
gon [29, 31]:

T 0.68
T) = —
w(T) no(wm) ,

T 1.68
T) = —
X(T) = xo (1000> ,

where kg = 4.2-107% W/cm - K and yo = 38 cm? /s at
the argon pressure pg = 0.1 atm. The power @ that is
scattered as a result of heat transport from the particle

(3.16)
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Fig.5. Total power scattered by a heated metal parti-
cles of a radius of 0.1 mm

to argon is
AT 7 168
Q = 47TR2I'€(T)@ = 47T’I“TOI€(T0) (m) =
= Qorz'%8, (3.17)

where 7' and R are the current temperature and the
distance from the particle center, and Ty and r are
the temperature on the particle surface and its radius.
Since the parameter Qo = 10 W/cm in formula (3.17)
describes heat transport in argon, it is the same for
all metals under consideration. Figure 3 gives the par-
tial powers for a metal particle of a radius of 0.1 mm
located in an argon flow, with the power of particle
radiation given by formula (3.7), the power of evapora-
tion taken in accordance with formulas (3.9) and (3.12),
and the power of heat transport in argon given by for-
mula (3.17).

The results in Fig. 3a relate to iron, Fig. 3b de-
scribes data for copper, and Fig. 3¢ contains results for
silver. In addition, Fig. 5 gives the total powers that
are scattered by metal particles heated up to a given
temperature in accordance with formula (3.1). We can
introduce the efficiency & of particle evaporation as a
result of particle heating, i.e., the ratio of the power
consumed on evaporation of particle atoms to the total
power of particle heating, according to the formula

PE’U
I
Table 2 contains the temperature T; above which the
efficiency of particle evaporation exceeds one half.

§(T) =

(3.18)
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Fig.6. Schematic form of lines of identical tempera-
tures in the process of argon flow through a hot metal
particle

The above consideration of the particle heat balance
relates to a motionless particle, that is, the surface of
identical temperatures are spheres whose centers coin-
cide with the particle center. Figure 6 schematically
gives the cross section of the surfaces of identical tem-
peratures if a buffer gas flows around the particle. For
the above consideration, the criterion is required that
the spherical character of isothermal surfaces is violated
far from the particle, which takes the form

R= % > (3.19)
where v is the flow velocity. If the flow velocity is taken
in accordance with formula (2.2), such that the Stokes
force equalizes the particle weight, then we can obtain
R =~ 0.1-1 cm, and hence criterion (3.19) holds true.
Thus, we obtain the following behavior pattern for a
metal micron-size particle heated by an external source
in an argon flow. The heat balance of this particle
consists in the evaporation of atoms from the particle
surface and heat transport to the surrounding argon,
while particle radiation makes a small contribution to
the heat balance because of a small particle size. Ar-
gon stream motion is not essential near the particle,
where heat transport is similar to that of a motionless
particle. Below, we use this understanding of particle
behavior for the analysis of nucleation processes.
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4. CLUSTER GROWTH FROM EVAPORATING
METAL ATOMS

The metal vapor formed as a result of vaporization
of a hot metal particle is captured by a gas flow outside
the particle and travels in a region of lower tempera-
tures, where the partial pressure of this vapor exceeds
the saturated vapor pressure at a current flow temper-
ature and metal atoms are transformed into clusters.
As a result, a vapor excess is converted into clusters,
and the nucleation process occurs in two stages. In the
first stage, metal atoms are transformed into clusters,
and in the second stage, cluster growth results from
coagulation and coalescence until the clusters become
solid. We consider the first stage where growth of metal
clusters proceeds according to the scheme [32]

A+2M - A+ My, M,+M— M,4;. (4.1)

Here, A is a buffer gas atom, M is a metal atom, and
the index indicates the number of cluster atoms. The
first process is slow as a three-body process, and buffer
gas atoms carry an excess of energy that is released
as a result of formation of a bond between colliding
metal atoms. In attachment of atoms to molecules and
clusters, this excess energy goes to vibration degrees of
freedom for a forming particle and subsequently this
energy transfers to buffer gas atoms collided with a
growing cluster.

In this scheme, the process of formation of conden-
sation nuclei is a three-body process, i. e., a slow process
compared with the attachment process of free metal
atoms to clusters. As a result, small clusters are prac-
tically absent in the size distribution function, and this
process is governed by the large parameter [32]

ko

G=—=>1,

N, (4.2)

where kg is the reduced rate constant for atom—cluster
collisions, K is the rate constant of the three-body pro-
cess, and N, is the number density of buffer gas atoms.
The values of the reduced rate constant kg at tempera-
ture 1000 K are given in Table 3 according to [16], and
its basic temperature dependence is ko o v/T. The rate
constant of the three-body process can be estimated
by an order of magnitude as K ~ 10733-10732 c¢mS /s,
and on the basis of experimental data, we take it as
K =3-1073% ¢cm®/s. From this, we can estimate G ~
~ 5-10* K at temperature T = 2000 K for metals
under consideration. If we assume the buffer gas with
metal atoms to be a uniform matter, and its tempera-
ture to be constant during this process, then we obtain
the average number 7o of cluster atoms at the end of
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Table 3.  Parameters of cluster growth
— Fe Cu Ag
ko, 107 em?®/s 2.1 2.7 3.0
G(Ty), 10* K 8.5 5.5 4.4
g, 103 6.0 4.3 3.6
Tet, 1075 s 9.7 7.6 7.5
T, K 2400 2100 1800
Pe, W 0.28 0.24 0.18
Vg, m/$ 1.5 1.9 2.4
Ngat(Te), 1016 em™2 | 3.1 3.7 6.0
tm,y S 0.01 0.015 0.014
n, 10° 2.4 4.1 13
N, 10 em™3 1.3 0.91 0.51
R, cm 2.0 2.0 1.7
r, nm 9.2 11 16
Na, 103 4.0 3.0 1.3
Pa, g/cm® 0.06 0.09 0.15
V¢, mm? 0.45 0.38 0.26

this process of vapor conversion in a gas of clusters and
the time 7, of this process as [19, 21]

3.2G1/4

m=12G%* e
n ) Nka )

cl (43)
where N,, is the number density of metal atoms. Ta-
ble 3 contains the parameters of this formula under the
assumption that this process of conversion of atom va-
por into clusters proceeds at the temperature T¢. In
addition, we can estimate a typical time 75 of heat
transition from the particle to the gas flow, which, ac-
cording to formula (3.19), is equal to

X

=

g (4.4)

Tth ~ — ~
X
and for a typical flow speed v ~ 2 m/s, we can estimate
a typical time of heat transport as 7, ~ 1073 s.
Thus, because of a high density of metal vapor, a
typical time of conversion of metal atoms into clusters
at an appropriate temperature is small compared with
the cooling time. Therefore, formation of metal clusters
proceeds adiabatically with conservation of the equi-
librium between the number density N, of free metal
atoms and clusters, which is given by [19, 21]
)

Nm = sat(T) exp <_
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Here, n is the average number of cluster atoms, and
under typical conditions, the second term in the right-
hand side of (4.5) is unity. When liquid clusters are
formed, their subsequent, growth is determined by co-
agulation only. Then the average number 7 of cluster
atoms is given by [19, 21]

7 = 6.3(Npkot)' 2, (4.6)

where Ny is the total number density of cluster atoms
and t is the time of the coagulation process. Coagu-
lation of liquid clusters proceeds simultaneously with
the cooling of the flow and finishes when the buffer
gas temperature reaches the metal melting point, which
practically coincides with the melting point of clusters
because of their large size.

We find typical times of the above processes assum-
ing that optimum conditions correspond to the particle
temperature T¢, where evaporation of particle atoms
and heat transport to surrounding argon due to thermal
conductivity give an identical contribution to the power
scattered by a hot particle. Table 3 contains this tem-
perature and the total power P to support this particle
temperature and the flow velocity v¢ in accordance with
formula (2.2), where the particle weight is equalized by
the Stokes force, such that the particle hangs in space.
We note that conversion of atom vapor into clusters ac-
cording to equilibrium (4.5) proceeds at temperatures
at which the partial vapor pressure is much lower than
the saturated vapor pressure. According to formula
(2.6), that pressure decreases by e times if the tem-
perature decreases by the value 67 ~ T?/gq ~ 100 K,
i.e., variation of the temperature for the start of metal
condensation is relatively small. This means that for-
mation of clusters occurs in the region, which may be
considered as a motionless one.

Because the argon flow transfers the heat scattered
by the particle through nucleation of evaporated atoms
and heat transport owing to thermal conductivity, we
obtain the heat balance equation in the form

P, =c,(T — Tp) v, (4.7)
where ¢, = 5/2 is the heat capacity per atom, Tp is the
temperature of the surrounding argon, which we take
as Tp = 300 K, S = wR? is the flow cross section, and v
is the flow speed, which we take to be v¢ for simplicity.
This gives R ~ 2 cm in all cases, and the time of heat
transfer to the flow is approximately 8 ms for all cases
as well. A typical time of formation of the flow with
the melting point 7}, for these metals is t,,, the number
density N of bound atoms at that time coincides with
the number density Ny, at saturated vapor pressure at
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the particle temperature T}, the average number 7 of
cluster atoms at its transition in the solid state is de-
termined by formula (4.6) at that time, r is the cluster
radius that corresponds to its size in accordance with
formula (2.3), and R,, is the flow radius at this time.
The values of these parameters are given in Table 3.

The joining of solid clusters results from cluster con-
tacts, which leads to formation and growth the fractal
aggregates. We are guided by the model of diffusion-li-
mited aggregation [33] with the diffusion character of
cluster motion, which leads to the fractal dimension
D = 1.77 of the forming fractal aggregate; this value
is confirmed by measurements [34, 35]. Then the num-
ber n, of elemental monomers of a radius a, i.e., the
number of solid clusters in some fractal aggregate of a
radius R, is given by

) D

m=

As the aggregate size increases, its density decreases,
as does their stability due to thermal fluctuations [36].
Usually, the maximum aggregate size is restricted by
R ~ 1 pm, and for definiteness we take the aggregate
maximum radius to be R = 1 um. Table 3 contains
the number of monomers n, in one aggregate in accor-
dance with formula (4.8). The rate of this process in
the diffusion regime of aggregation is given by [18§]

R

- (4.8)

dn, 1

a2

kachla (49)
and the rate constant of association of aggregates
at the temperature T 500 K in argon is k.,s =
= 5.5-1071% cm®/s. As a result, we can obtain the
growth time of fractal aggregates up to the size R =
= 1 pm approximately as 7, = 2 min in all the metal
cases. We can see that the growth of a fractal aggre-
gate is a slow process, and its realization requires the
removal of metal clusters from the gas flow.

The growth of fractal structures in an external elec-
tric field results from the interaction of associated ag-
gregates via induced dipoles and leads to formation of
fractal fibers [37, 38]. As a result, various structures
with fractal properties may be formed [35, 39]. The
rates of aggregation in an electric field and in the ab-
sence of external fields are equalized at the electric field
strength E, according to the relation [18]

T

~ W7 (4.10)

where N, is the number density of aggregates of a ra-
dius a. This formula shows that the action of an electric
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field is the stronger, the smaller is the size of an aggre-
gate in the course of its growth. According to this for-
mula, the electric field strength for the aggregate size
R =1 pum and for all metals under consideration is
E, ~ 200 V/cm. Action of the electric field leads to
formation of fractal fibers [37, 38]: formed fractal struc-
tures are elongated along the field. Interwoven fractal
fibres form a fractal tangle [39], and just this object is
of interest as a rareness porous metal. Thus, a fractal
structure is gathered now from individual fractal aggre-
gates whose size a is given by formula (4.10) at a given
electric field strength. If R = 1 pum, then the density p,
of a formed structure for metals under consideration is
given in Table 3, together with the specific area S of in-
ternal surface. The first parameter coincides with that
for aerogels [40, 41] by an order of magnitude, and the
second is less than that for strongly porous materials.
In addition, Table 3 contains the volume V} of a frag-
ment of this fractal structure that is formed from one
metal particle of a radius of 0.1 mm.

We note one more aspect of these processes, which
first occur in a buffer gas flow near a hot metal partic-
le. The processes of cluster formation from evaporated
metal atoms take place inside the flow for times when
the flow propagates over small distances compared to
the size of the aggregate chamber. The joining of two
solid clusters lasts about 0.01 s and may proceed in-
side the flow. But the total time of formation of fractal
structures takes minutes, and hence this process must
occur outside the gas flow. For this goal, it is necessary
to use impactors [42, 43] to separate particles from the
flow. An example of this impactor is shown in Fig. 1.
As aresult, growth of fractal structures from solid clus-
ters occurs in a quiet region with an electric field. One
more remark relates to the number of particles that are
heated simultaneously in the framework of the scheme
in Fig. 1. In the case of several heated particles, it is
necessary that the distance between neighboring par-
ticles exceed their size significantly, and the buffer gas
flow to be able to transfer the released energy.

5. CONCLUSION

The above analysis of the processes in the course
of conversion of an atomic vapor resulting from va-
porization of a heated metal microparticle exhibits the
possibility to obtain a rareness fractal structure con-
sisting of nanometer solid clusters in the end of these
processes. Fragments of this structure are fractal ag-
gregates. The chain of processes under consideration
includes fast processes involving metal atoms and their

clusters in the flow of a buffer gas, whereas processes
of formation and growth of fractal structures proceed
slowly and must be outside the buffer gas flow. Under-
standing the character of these processes is necessary
for realizing the generation of a fractal structure that
has features of an aerogel and fractal fibers.

The product of the processes under consideration,
a fractal structure, is a rareness porous structure. Be-
cause fragments of this structure are fractal aggregates,
it resembles an aerogel, and because these fragments
are joined into a structure in an external electric field,
this structure is akin to fractal fibers. Usually, metals
consisting of atoms with nonfilled s and d electron shells
are used as catalysts [1-3, 5]. Therefore, fractal struc-
tures resulting from processes under consideration are
convenient catalysts for processes in gaseous mixtures
contained in a flow through such a structure because
of a high specific area of its internal surface. We note
that it follows from the results of the above estima-
tions that one metal microparticle of a radius 0.1 mm
used in the estimations allows preparing a membrane
of the depth of 10 cluster layers and of an area of the
order of 1 mm?. In addition, the above analysis gives
algorithms for estimations related to other geometric
schemes for manufacturing porous metal membranes
and different metals. We can add to this that if two
particles of different metals are injected in the region
of excitation, a fractal structure of a metal alloy can
be prepared.

The paper is supported by the RFBR (grant
No. 15-08-01513).
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