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The subject of study is the multicomponent condensation in the low-temperature plasma,
which forms when shielded metal arc welding is applied. The modeling of heterogeneous
ion-induced nucleation and nuclei growth in the strongly ionized environment with
account of their coagulation is performed. The formation of the bimodal size distribution
of the liquid particles after start of nucleation of the predominant component (iron) is
demonstrated. This distribution consists of the nano-sized mode of nuclei and the largersized mode of the aggregated droplets. The condensation of the accompanying lowboiling components on these droplets causes the termination of nucleation earlier than
conditions for the condensation growth of the equilibrium nuclei arise. Therefore, the
growth of the nuclei occurs only by their coalescence. The deposition of the accompanying
components on the iron nuclei leads to replacement of the iron by these components in
the particles of the nuclei mode.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The investigation of the physical processes, occurring when welding is used, plays an essential role both for optimization of
the welding technology and for its ecological safety. The ecological safety is related to the physics of welding fumes formation as
they determine the toxicological hazard. Therefore indefatigable interest in the welding fumes is observed in scientific journals
(Berlinger et al., 2011; Evans et al., 1998; Hewett, 1995; Hinds, 1999; Jenkins et al., 2005a; Sowards et al., 2008; Voitkevich, 1995;
Zimmer & Biswas, 2001). The mass emissions during the welding processes, chemical composition and size distribution of the
inhalable welding fumes as a function of the welding process and welding consumables are relatively well investigated. The
toxicity of the welding fumes depends on the chemical composition and the size distribution of the fume particles, which consist
of the several size fractions of the primary particle agglomerates. But the inhaled welding fumes may again decompose into their
primary particles as shown by Jenkins et al. (2005b). Thus, the biological activity of the welding fumes is determined by the
chemical composition of the primary particles formed by the solidification of condensed liquid droplets.
Welding fumes appear when the arc between a special electrode and a weld material produces evaporation of the
welding consumables. The high-temperature multicomponent vapor is forced up from the bottom area of the arc column to
the low-temperature environmental air and as a result of mixing with air forms a vapor–gas mixture (Kobayashi et al. 1983;
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Tashiro et al., 2010). Cooling of the vapor–gas mixture provides conditions for condensation of metal vapors and formation
of the nano-sized condensed particles.
The electric-arc discharge formed between the electrode and the weld material provides strong ionization of the
environment, which must be described as a dusty plasma. Therefore, the heterogeneous ion-induced nucleation takes place
along with homogeneous nucleation, when the nuclei appear as a result of sporadic processes (Kuni et al., 2001). The large
number density of nuclei causes their intensive Brownian coagulation, which is described as coalescence because the nuclei
are in a liquid state. The vapor–gas mixture cools down during mixing with air, and reaches a temperature of phase
transition, when the primary particles of welding fumes are formed.
The investigations by Worobiec et al. (2007) and Oprya et al. (2012) demonstrated the complex chemical composition of
the inhalable welding fume particles, which are agglomerates of the primary particles. It is the result of the multicomponent
composition of condensable vapor which is formed by evaporation of the welding materials. Thus condensation of the
predominant component (iron) occurs along with deposition of other accompanying low-boiling components on the iron
nuclei. As the primary particles determine the physicochemical properties of the welding fume, investigations allowing the
description of their chemical composition and size distribution have a large applied importance.

2. Plasma of welding fumes
2.1. Composition of dusty plasmas
The environment in which condensation of metal vapors occurs is the thermal complex dusty plasma. The gas phase of it
consists of ions, which appear by single ionization of alkali metal atoms; electrons, which appear by ionization of atoms, by
emission from dust particles, and by diffusion from the arc area; atoms of condensable components; and atoms of noncondensable components, which form the neutral buffer gas. The dust component consists of condensed liquid droplets in
the condensation zone, or of solid particles in the coagulation zone. Besides, coarse fume particles with sizes 1–10 μ are also
presented. Therefore the size distribution of welding dust is strongly polydisperse.
The whole system is at atmospheric pressure. When the condensable vapor mixes with environmental air, cooling of the
vapor–gas mixture occurs. The temperature of this mixture changes from 3000 K in the start of the nucleation zone down to
1000–1800 K in the zone of the coagulation of solid particles and down to 300 K in the breathing zone. The cooling rate
depends on the welding conditions and is in the limits of dT=dt ¼ 0:1–1 K μs  1 (Tashiro et al., 2010).

2.2. Ionization balance
The basic suppliers of ions in the plasma of welding fume are the alkali metals (potassium and sodium) which are
presented in the electrode cover, when the shielded metal arc welding is applied. The temperature of the plasma in the
condensation zone is T ¼2000–3000 K that provides collision single ionization of the alkali atoms. The ionization balance is
described by the Saha equation (Landau & Lifshitz, 1976):
ne ni Σ i
I
¼ K S;
¼ νe exp
na
Σa
kB T

ð1Þ

where ne is the average electron number density; ni is the average ion number density; na ¼ nA  ni is the average atom
number density after ionization, nA is the initial value of the atom number density; Σ i and Σ a are the statistical weights of
ions and atoms respectively; νe ¼ 2ðme kB T=2πℏ2 Þ3=2 is the effective density of the electron states; me is the electronic mass; ℏ
is the Plank constant; I is the ionization potential of the atoms; kB is the Boltzmann constant; T is the Kelvin temperature;
and K S is the Saha constant.
The electric arc is the source UV-radiation with a power of 20–25 W cm  2 at the wave length  250 nm, which
corresponds to the flux of photons jph  1015 cm  2 s  1 with the photon energy  5 eV that is sufficient for the alkali atoms'
ionization. Therefore photoionization must be considered along with thermal ionization (1). As a result, the ionization
balance in the plasma of welding fume is described by the following equation (Vishnyakov et al., 2013):
πr 2 jph
ne ni
¼ KS þ a ;
na
βei

ð2Þ

where r a is the atom radius; βei  10  6 cm3 s  1 is the factor of electron–ion recombination.
In the plasma under consideration both the potassium and sodium are presented; therefore Eq. (2) must be solved for
each kind of atom. The total ion number density is
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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where equilibrium constants for potassium and sodium are
1
 I KðNaÞ πr KðNaÞ jph
K KðNaÞ
þ
¼ νe exp
:
S
kB T
βei
2
2

The ions are the nucleation centers at the heterogeneous ion-induced condensation; therefore they disappear from the
gas phase. The equilibrium (3) is kept by additional ionization until the alkali atoms in the plasma remain. The time of
stabilization of the ionization balance is  10  9 s. The total number density of the alkali atoms in the condensation zone is
nA  1018 cm  3 that provides ion number density ni  1015 cm  3 at the temperature of 3000 K, and ni  1013 cm  3 at the
temperature of 1770 K (the iron melting point).
2.3. Charging of particles
The dust particles in the plasma of welding fume are charged as a result of thermionic emission in the condensation zone
and via photoemission in the whole aerosol volume. The backflow of electrons absorbed by the particles' surfaces at the
expense of their sporadic collisions must be also considered, because the system is enriched by the free electrons
(Vishnyakov, 2012). The equilibrium particle charge in the condensation zone is defined by the balance of these fluxes:
4πa2

4πme ðkB TÞ2
ð2πℏÞ3

exp

W
þ πa2 Yjnph ¼ πa2 nes vTe ;
kB T

where a is the particle radius; W is the electronic work function; Y is the quantum yield; vTe ¼
velocity of electrons;
nes ¼ ne0 exp

Vb
kB T

ð4Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kB T=πme is the thermal

ð5Þ

is the surface electron number density; ne0 is the unperturbed electron number density (far from the particle); and V b is the
potential barrier on the plasma–particle boundary.
It should be noted that the existence in the plasma of the large number of the potassium atoms with the ionization
potential I K ¼ 4:34 eV provides absorption of most part of the high-energy UV-radiation. For example, the electronic work
function for iron is W Fe ¼ 4:31 eV; therefore only part of the UV-radiation with the photon energy in the range of 4.31–
4.34 eV should be considered at the calculation of the charge of iron particles. The photon flux with energy in the noted
range is jnph  1014 cm  2 s  1 if the total flux is jph ¼ 1015 cm  2 s  1 .
The equation for the equilibrium potential barrier follows from Eqs. (4) and (5):
exp

Yjnph
Vb
νe
W
¼
þ
exp
:
kB T ne0
kB T vTe ne0

ð6Þ

The space charge layer is formed near the surface of the charged particle. The electrical field of the particle influences the
ionization balance in this layer (Vishnyakov, 2005). As a result, the ion distribution is not described by the Boltzmann factor,
but there is uniform spatial distribution of ions around the charged particle (Vishnyakov, 2006), i.e. the unperturbed number
density of ions is equal to the average number density ni0 ¼ ni . In the theory of the neutralized charges (Vishnyakov, 2012;
Vishnyakov & Dragan, 2006) the particle charge is formally composed of two parts: Z d ¼ z0 þzd . The first part of charge is the
charge of background neutralization (in elementary charges)
z0 ¼

ne0 ni
;
nd

ð7Þ

where nd is the number density of the dust particles. The neutralizing charge z0 is the total volume charge of the gas phase
per particle with the opposite sign. Therefore, this part of the charge is identical for all particles.
The second part of the charge is individual for each particle:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
V
V
2kB Ta
ð8Þ
zd ¼ 2
exp b  b  1:
kB T kB T
e sgnðV b Þ
This part of the charge depends on the potential barrier on the plasma–particle boundary and defines the particle
interaction. Thus, the condition of the system neutrality is
ðz0 þz d Þnd ¼ ne  ni ;

ð9Þ

where ne ¼ ne0 þz d nd is the average electron number density.
The individual charge zd is very small (often is zero) for nano-sized particles (nuclei, for example), but the non-zero value
of the neutralizing charge z0 strongly influences the nucleation (Vishnyakov et al., 2011). The stabilization of the drift–
2
diffusion
balance in
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ the plasma near the charged particle is determined by the Maxwell relaxation time τM ¼ λD =D, where
2
λD ¼ kB T=4πe ne0 is the screening length, D is the diffusivity. In the system under consideration τM  0:1 μs.

4

V.I. Vishnyakov et al. / Journal of Aerosol Science 74 (2014) 1–10

3. Nucleation
3.1. Nucleation in the ionized environment
The condensation of the metal vapors in the plasma of welding fume is the result of heterogeneous ion-induced
nucleation, which is described by the change in Gibbs free energy:
4 ρkB T ln S
þ Eγ ðV b Þ þ Eex ðW Þ þ Eq ðZ n Þ;
ΔG ¼ 4πr 2n γ  πr 3n
3
ma

ð10Þ

where r n is the nucleus radius; γ ¼ γ 0 r n =ðr n þ 2δÞ is the surface free energy of the nucleus, γ 0 is the surface free energy of the
flat, δ is the Tolmen length; ρ is the nucleus density; ma is the mass of condensable atoms; S is the supersaturation of the
condensable vapor; Eγ ðV b Þ is the change in surface free energy as a result of formation of the double layer on the nucleus
surface, which depends on the potential barrier; Eex is the change in Gibbs free energy as a result of the interphase energy
exchange, which depends on the work function; and Eq is the change in Gibbs free energy as a result of the nucleus charging.
These terms are described in detail in the paper by Vishnyakov et al. (2013).
The welding fume is a non-equilibrium system with gradients of vapor components, which are caused by the cooling and
the expansion of the vapor flux. However, the cooling rate (  1 K μs  1 ) is much less than the stabilization rate of the
thermodynamic equilibrium in such a system. For example, Maxwell relaxation time defining the diffusion–drift balance is
 0:1 μs; the time of stabilization of the ionization balance is  1 ns. Therefore, it is possible to define the equilibrium state
of the system in each step of the calculation; in particular, it is possible to calculate the equilibrium nuclei by the change in
Gibbs free energy.
Nuclei of two kinds appear under the ion-induced nucleation (Fig. 1). The first kind is the critical metastable nuclei with
radius r cr , which can also be formed under homogeneous nucleation. The second kind is the equilibrium nuclei with radius
r eq r rcr , which are formed on the ions. These nuclei are in the potential well under the condition of small supersaturation, i.
e. the activation energy Eact is necessary for their growth. The magnification of supersaturation leads to a decrease of
activation energy; and the growth of the equilibrium nuclei begins, when equality req ¼ r cr is reached.
The supersaturation, at which the nuclei growth begins, strongly depends on the charges state of the plasma that is
determined by the last three terms in Eq. (10). For example, the increase of the neutralizing charge z0 leads to a decrease of
activation energy under constant the supersaturation condition. The volume charge of the plasma influences the
condensation also, like the supersaturation of the condensable vapor (Vishnyakov et al., 2011).
Equation (10) must be defined for each component in the multicomponent mixture of the condensable vapors. However,
the chemical composition of the vapor–gas mixture, which is formed as a result of mixing with air, is such that the
temperature evolutions of the component supersaturations are greatly different. Therefore, the supersaturations of the
accompanying low-boiling components are much less than one, when nucleation of iron occurs; and the influence of these
components can be neglected.
3.2. Condensation of the low-boiling components
After nucleation of the predominant component, the fluxes of the accompanying low-boiling components on the iron
nucleus appear, because the partial pressure of these components at the nucleus surface is zero. Therefore, condensation of
these components on the nucleus droplet occurs, but a growth of the nucleus by condensation of the iron is absent.
At some moment such condensation happened, and the homogeneous solution of the condensable components is
formed in the nucleus droplet. The density of saturated vapor of the ith component of the vapor–gas mixture over the flat
surface of the multicomponent solution is described by Raoult's law (Smith et al., 2005):
ci ð1Þ ¼ xi cði; 1Þ;

ð11Þ

Fig. 1. Typical dependencies of the change in Gibbs free energy on the nucleus radius at the heterogeneous nucleation for different values of
supersaturation (Vishnyakov et al., 2011).
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where xi is the mole fraction of the ith component in the solution; cði; 1Þ is the density of saturated vapor over the flat
surface of the ith pure substance.
By definition,
xi ¼

M i =μi
M i =mai
N
¼
¼ ai ;
∑Mi =μi ∑M i =mai ∑Nai

where M i is the mass of the ith component in the droplet; μi is its molecular weight; mai is the atomic weight of the ith
component; and N ai is the number of atoms of the ith component of the vapor–gas mixture in the nucleus droplet.
The density of saturated vapor of the ith component over the surface of the droplet with radius a is
cS;i ðaÞ ¼ SR;i ci ð1Þ ¼ xi SR;i cði; 1Þ;

ð12Þ

where SR;i is the change in pressure of saturated vapor by the curvature of the surface and exchange interaction, which is
defined by the modernized Kelvin equation by taking into account the charge of a droplet and the interphase interaction
(Vishnyakov et al., 2013):
"
#
 
e4 z3d
mai
a þ 3δ
zd W e2 ð1 þ z20  z2d Þ
:
8πγ 0i

 3 
ln SR;i ¼
4πρi kB T
a
2a4
ða þ 2δÞ2 3kB Ta5
The flux of the ith component of the vapor–gas mixture to the droplet with radius a is
J i ¼ αi πa2 vTi ½ci  cS;i ðaÞ;

ð13Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where αi is the condensation factor of the ith component; vT;i ¼ 8kT=πmai is the thermal velocity of the condensable atoms
of the ith component; ci is the density of the ith component in the vapor–gas mixture, which can be described as
ci ¼ Si cði; 1Þ, and Si is the supersaturation of the ith component.
Then, the change in the number of atoms of the ith component in the multicomponent droplet with radius a is described
by the following equation:


SR;i
dN ai
;
¼ αi πa2 vTi ci 1 xi
dt
Si
and change in the radius of droplet is



αv m
S
da
¼ ∑ i T;i ai ci 1  xi R;i :
4ρi
Si
dt
i

ð14Þ

At the moment of nucleation the content of the accompanying low-boiling components in the nucleus xi a Fe ¼ 0.
Therefore, growth of the nucleus droplet by the deposition of these components on the nucleus surface takes place.

3.3. Coalescence of the nuclei
The large number of nuclei in the plasma of welding fume (number density is nd  1015 cm  3 Þ causes their Brownian
coalescence and formation of large liquid particles. In the meantime the thermodynamics of the system requires the
presence of the equilibrium number of nuclei; therefore, nucleus number density remains constant because the nucleation
continues (Vishnyakov et al., 2014). Already at the initial stage of nucleation the bimodal size distribution of the droplets
occurs: the first mode is the equilibrium nucleus droplets with radius, which is defined by conditions of the phase
equilibrium; and the second mode is the aggregated droplets with increasing radius that is caused by coalescence with each
other and with nuclei.
The evolution of such a system is described by the integral moments of the particle size distribution (Chan et al., 2010;
Estrada & Cuzzi, 2008; Whitby & McMurry, 1997). The zeroth moment Mð0Þ represents the total number density of the
generated particles, while the first Mð1Þ moment corresponds to the total number of atoms in these. The second moment
Mð2Þ is proportional to the light scattered by the particles in the case where their size is much smaller than the wavelength
of the incident light (Colombo et al., 2012). The size of the particle can be presented by the number of atoms which it
contains: k ¼ 4πρc a3 =3mac . Then, the evolution of the moments is described by the following equation:
Z
Z 1
h
i
∂MðjÞ 1 1
j
j
fk
βðk; lÞf l ðk þ lÞj  k  l dl dk;
¼
ð15Þ
∂t
2 0
0
where k and l are the atom numbers in the collisional particles (droplets); βðk; lÞ is the collision kernel:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kþl
3mac 1=6 6kB T
1=3
1=3 2
;
βðk; lÞ ¼ β0 ðk þl Þ
; β0 ¼
4πρc
kl
ρc
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f kðlÞ is the size distribution function. For the case of the bimodal distribution f k ¼ f k1 þ f k2 , where
n
 ðln k  ln k0i Þ2
exp
f ki ¼ pﬃﬃﬃﬃﬃﬃdi
2
k 2π ln si
2 ln si

ði ¼ 1; 2Þ;

ð16Þ

2

k0i ¼ k i expð  ln si =2Þ is the median of distribution; si is the standard deviation.
The evolution of the moments (15) can be defined for each mode (16). As a result, the average number of atoms in the
droplets of each mode is
ki ¼

M i ð1Þ
;
M i ð0Þ

ð17Þ

the standard deviation is defined by the following equation:
2

ln si ¼ ln

M i ð2ÞM i ð0Þ
:
M i ð1Þ2

ð18Þ

4. Calculation techniques
The method of calculation of the coalescence in the welding fumes is considered in detail in the paper by Vishnyakov
et al. (2014). This method was used for calculation of the system evolution, but by taking into account Eq. (14) for the
multicomponent condensation. The composition of the electrodes covered with carbonate–fluorite (CaCO3-CaF2) Paton
UONI 13/55 (American Welding Society classification E6015) was chosen as the input data. In this case the starting vapor
composition is 22% of iron (Fe), 4% of silicon (Si), 5% of manganese (Mn), 12% of calcium (Ca), 3% of potassium (K), and 6% of
sodium (Na) (Oprya et al., 2012). The state of the environment with nucleation and nucleus growth was calculated. The
calculation time step is 0:5 μs that is more than time constants of the stabilization of ionization and drift–diffusion. This
allows defining the equilibrium state of the system on the each calculation step. The temperature of the system changed
from 3000 K down to the melting point of iron (1770 K), when the formation of the primary particles is completed.
The cooling of the vapor–gas mixture is defined by the turbulent mixing of the mass flow of vapors from the arc zone J vap
with air. The mass flow of entrainment of the air J air can be approximately considered to be directly proportional to the flow
rate of the vapor–gas mixture J mix ¼ J vap þ J air , which is described by the following equation:
dJ air dJ mix
¼
¼ αT J mix ;
dt
dt
where αT is the factor, which is defined by the initial conditions of the efflux of vapors from the arc zone.
Then, under assumption that a change in temperature of the vapor–gas mixture occurs only by mixing with air, the
following equation can be obtained:
dT
¼  αT ðT T 1 Þ;
dt
a solution of which is the function
TðtÞ ¼ T 1 þ ðT 0  T 1 Þ expð  αT tÞ;

ð19Þ

where T 0 is the temperature, which corresponds to the start of calculation (t ¼ 0Þ; and T 1 is the air temperature.
The initial value of the flow rate corresponds to the efflux of vapors from the arc zone, which is defined by the weld
conditions, and in the system under consideration is J vap ﬃ 1:6  10  2 g s  1 that provides αT  400 s  1 and the average
cooling rate of  0:7 K μs  1 in the considered temperature range.
The evolutions of the particle radii for both the modes are presented in Fig. 2. Here evolutions of the supersaturations of
the iron and silicon vapors are also presented. The temperature range corresponds to the nucleation zone. As it follows from
the presented results, intensive coalescence occurs in the nucleation zone. The number density of the nuclei is remaining
constant because new nuclei form. Thus, the transfer of the condensable atoms from the gas phase to the aggregated
droplets occurs via nucleation that leads to the deceleration in growth of supersaturation.
5. Growth of the nuclei
The growth of the nuclei caused by condensation of the predominant component begins if the activation energy Eact  0.
However, the supersaturation of iron vapor falls down, because a large part of the iron atoms transfers into aggregated
droplets. As a result, the activation energy does not reach a zero value, and growth by condensation does not begin.
Moreover, the nucleation terminates and bimodal coalescence begins, because the equilibrium of the system no longer
requires existence of the nuclei.
The evolutions of the droplet radii increments caused by the vapors condensation are presented in Fig. 3. As it follows
from the presented results, the start of coalescence and the formation of the second mode of the aggregated droplets are
accompanied by their partial evaporation. There is no growth of the nuclei by vapor deposition, when the multicomponent
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Fig. 2. Evolutions of droplet radii (solid) and vapor supersaturations (dotted).

Fig. 3. Evolutions of increments of droplet radii via condensation.

condensation takes place, unlike the single-component condensation (Vishnyakov et al., 2014). This effect is caused by the
increase of droplet radii due to the deposition of the accompanying components. As a result, when the radii of aggregated
droplets exceed the radius of critical nucleus, the intensive deposition of iron vapor on their surfaces begins. The
consequence is the decreasing of supersaturation of the iron vapor and the termination of nucleation earlier than conditions
for the condensation growth of the equilibrium nuclei arise.
The evolutions of the particle radii for both the modes and the evolutions of the particle charges in the temperature
range, which corresponds to the whole condensation zone, are presented in Fig. 4. The coalescence leads to the fast growth
of the aggregated droplets. The growth of the nucleus droplets is slow, because the intensive evaporation of these droplets
begins after nucleation termination (see Fig. 3). The aggregated droplets also evaporate, but their evaporation rate is
much less.
The particle individual charge zd , which determines the potential barrier on the plasma-particle boundary, is negative. It
means that large electron number density in the plasma causes their backflow to the particle, which exceeds the emission
flux. The neutralizing charge z0 , which is the volume charge of the gas phase per particle with opposite sign, testifies for
saturation of the plasma by electrons. In the system under consideration the neutralizing charge increases during the
process; accordingly the electron backflow is also increased and causes the increase of the negative charge of the particles.
The chemical composition of the aggregated droplets (Fig. 5) is characterized by the gradual decrease of iron content. The
average contents of the components in the beginning of phase transition are 63% of iron, 23% of silicon, 12% of manganese,
and 2% of calcium.
The evolution of the composition of nucleus mode (Fig. 6) is more complex. The great curvature of nucleus droplets
causes the great dependency of SR in Eq. (14) on the change in droplet charge. So, the minimum in iron density at 200 μs of
the process corresponds to the minimum in total particle charge zd1 þ z0 , and the maximum in iron density at 400 μs of the
process corresponds to the maximum in difference z2d1  z20 . Further intensive condensation of the calcium leads to the
ousting of other components from the nucleus droplet. It should be noted that nucleation of calcium is impossible in the
temperature range under consideration, but its deposition on the iron nuclei leads to the formation of the calcium particles.
The average contents of the components in particles of the first mode at the beginning of the phase transition are 3% of iron,
4% of silicon, 2% of manganese, and 91% of calcium.
As a result, the two modes of the primary particles are formed. The first mode consists of particles with average diameter
d1 ¼ 2:2 nm, standard deviation of the size distribution s1 ¼ 1:6, number density nd1 ¼ 5:3  1011 cm  3 , and content of the
calcium of 91%. The second mode consists of particles with average diameter d2 ¼ 10 nm, standard deviation of the size
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Fig. 4. Evolutions of radii (solid) and charges (dotted) of particles.

Fig. 5. Evolution of composition of aggregated droplets (second mode).

Fig. 6. Evolution of composition of nucleus droplets (first mode).

distribution s2 ¼ 2:1, number density nd2 ¼ 6:6  1012 cm  3 , and content of the iron of 63% . Further coagulation of the solid
primary particles leads to formation of the final agglomerates with complex chemical composition (Oprya et al., 2012).
When the electrodes covered with rutile (TiO2) Paton ANO-4 (American Welding Society classification E6012), which do
not contain the calcium, are used, the ousting of the iron from the droplets of the first mode also occurs. But the
replacement component is silicon. The evolution of the composition of the nucleus mode, which is formed when the rutile
electrodes are used, is presented in Fig. 7. In this case the factor αT  210 s  1 , and average cooling rate is  0:4 K μs  1 .
As it follows from calculations, the tendencies in evolution of the composition remain the same, but the absence of the
calcium leads to the growth of content of the silicon. Thus, the nano-sized particles of the first mode have the diminished
content of the iron in different compositions of low-boiling components in the initial vapor.
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Fig. 7. Evolution of composition of nucleus droplets (first mode), when the rutile electrodes are used.

6. Conclusion
The multicomponent composition of condensable vapors causes complex chemical composition of the condensed
particles. The formation of the equilibrium nuclei of the predominant component (iron) provides the fluxes of other
components to the nucleus surfaces and their deposition under the condition of non-saturated vapors. Therefore, the
multicomponent solution is formed in the nucleus droplet already at the nucleation stage.
The large number density of the nuclei causes their Brownian coagulation, which is the coalescence for liquid droplets.
The two processes occur simultaneously: coalescence of the formed nuclei into aggregated droplets and formation of new
nuclei. Both the processes are accompanied by the deposition of the low-boiling components, i.e. by the change in
composition of nucleus droplets, and aggregated droplets.
The growth of the aggregated droplets by the multicomponent condensation leads to a decrease of iron vapor
supersaturation. Therefore, nucleation of iron terminates earlier than conditions for the condensation growth of the
equilibrium nuclei arise. Further growth of the droplets occurs by their coalescence, which continues up to phase transition.
It should be noted that the temperature of the phase transition depends on the droplet radius (Shu et al., 2012), i.e. the
droplets of the second mode (the melting point is about 1730 K) solidify earlier than the droplets of the first mode (the
melting point is about 1330 K); and the transient stage exists when the second mode is represented by solid particles, but
the first mode is the liquid droplets. The bimodal coalescence terminates when the aggregated droplets become solid
particles. There is only coalescence of the first mode. And coagulation of the solid particles of the second mode begins. Also
intermodal coagulation is possible, but the adhesion of droplets to solid particles must be considered by taking into account
the chemical composition. The deposition of the low-boiling components continues at the transient stage, but the physics of
this process is different for liquid droplets and solid particles. Thus, the description of the transient stage is a complex
problem, which requires special study, and therefore, the presented calculations were limited by the temperature of 1770 K.
From the presented results it follows that chemical composition of the primary particles strongly depends on their size.
The content of the predominant component (iron) can vary from 60% to 3% . In the nano-sized particles of the nucleus mode
the replacement of the iron by the low-boiling components occurs. The presented results describe the average size of the
particles, which have a log-normal size distribution. If the dependency of the phase transition temperature on the droplet
sizes were taken into account, chemical composition of the primary particles inside a single mode could be strongly
changed.
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