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droplets which can unrestrictedly grow and get charged. The subsequent nucleation and
growth of the primary particles take place in the charged gas environment with the
intensive interphase exchange of the charges and energy. It is shown that the increase of

Kengrds: the coagulated droplets’ charge leads to the shift of the nucleation in the high-temperature
Welding fume range and to the increase of the primary particles sizes.
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1. Introduction

Arc welding is a widespread technological processes in modern manufacturing, but there are deficiencies such as
formation of aero-disperse toxic particles of the so-called welding fume. Therefore, studying of the welding fume formation
is necessary to minimize the harm superimposed by the welding process.

The source of welding fume is the vapor, formed mainly by evaporation of welding materials. A vapor phase
condensation, formation of primary particles, their growth and coagulation are the result of scattering of the multi-
component vapor-gaseous mixture from the high-temperature zone of arc discharge into the environment with the lower
temperature. So, the fume generation rate, size distribution and the chemical composition of the primary particles are the
key processes that determine the harmful environmental impact of the welding fume (Pokhodnya et al., 2011). Many
authors investigated the quantitative relationship between these processes, the welding conditions and the composition of
the welding materials, for example: Voitkevich (1995), Zimmer & Biswas (2001), Jenkins & Eagar (2005), Jenkins et al.
(2005), Sowards et al. (2008), Oprya et al. (2012), and Worobec et al. (2007). However, the problem is far from being solved
because of the complexity of the experimental study of the welding fume (Jenkins et al., 2005). The available for study
inhalable particles are the agglomerates of primary particles or the coarse fume particles formed by ejection of microscopic
electrode material droplets from the arc or molten weld pool (the disintegration particles) (Sowards et al., 2008). The
experimental study of the molecular and phase composition of the fume formed by the shielded metal arc welding
demonstrated that the inhalable particles contain more than five phases (molecular groups) (Sowards et al., 2008;
Voitkevich, 1995). Meanwhile the primary particles with the size less than 50 nm cannot contain several phases because
they are formed during fast condensation. If agglomerates contain more than one phase, it means the presence of different

* corresponding author. Tel.: +38 487237528; fax: +38 487231116.
E-mail addresses: drvishnyakov@mail.ru, eksvar@ukr.net (V.. Vishnyakov).



10 V.L. Vishnyakov et al. / Journal of Aerosol Science 58 (2013) 9-16

kinds of primary particles. Thus, there can be varies between the chemical composition of the primary particles depending
on their sizes, but they are not registered by experiment because of the averaging of many particles in the agglomerate
(Oprya et al., 2012). Besides, the primary particles and their agglomerates can have very different physicochemical
properties and biological influence than their macroscopic analogues. For example, the increase of the chemical potential
at the interphase boundary of high curvature changes the miscibility, sorption capacity, reactionary and catalytic abilities
of the particles (Holsapple et al., 2005). As the primary particles determine the resultant fume, investigations allowing the
study the primary particles formation have a large applied importance.

It is necessary to consider that the primary particles are formed in the thermal dusty plasma, i.e. there is interphase
exchange of the energy and charges. In papers by Vishnyakov (2008), Vishnyakov et al. (2011) was proposed a theoretical
model of the nucleation in the dusty plasma, and in presented paper this theory develops by considering the nuclei growth
in the ionized environment and taking into account the interaction of the welding fume with the ultra-violet radiation of
the arc.

2. Nucleation environment

The welding fume forming zone, where the nucleation occurs, is the ionized vapor-gas mixture and the interphase
interaction strongly influences the nuclei sizes. Therefore, before describing nucleation, it is necessary to determine the
parameters of the environment which influence this process. The formation of a new phase strongly depends on the emission
and absorption of electrons by the nucleus, i.e. it charging (Vishnyakov et al., 2011). In order to describe this process we will
use the results of Vishnyakov (2012), in which it is necessary to take into account the external photoelectric effect.

The electron number density in the dusty plasma should satisfy to the neutrality equation

Ne =Zny+n;, (1)

where Z is the average charge number (the particle charge in the elementary charges); n. and n; are the average electron
and ion number densities, respectively; n, is the average particle number density in the nucleation zone. In the nucleation
zone there is feeble dilution of metal vapors by air, therefore the gas temperature usually not lower than 2000 K, the vapor
supersaturation S = P/Ps; ~ 1—10 (P is the vapor pressure, P, is the pressure of the saturated vapor).

The particles charging in the complex plasma (containing particles, electrons and ions) is described by Vishnyakov
(2012) as the development of the theory of the neutralized charges, which has been created for the dust-electron plasma,
i.e. a system consisting of the charged particles and the electrons emitted by these particles only (Vishnyakov & Dragon,
2006). According to this theory most of the electrons in the plasma volume are distributed uniformly with some
unperturbed number density n.g. The displacement of the electron number density from the unperturbed value is
observed only in the thin layer near the particles surface. The unperturbed electrons and some part of the particle charges
Zy =neo/np neutralize each other and create the neutralized background which determines the bulk plasma potential ¢,.
Thus, the charge of any particle is composed of two parts Z; =Zj+ZQ, and only the relative part of the total charge Z]-
determines the interaction between the particles and forms the potential barrier U, on the plasma-particle boundary with
respect to the level of the neutralized background eg,.

In the complex plasma, the unperturbed ion number density n;, has been entered along with the unperturbed electron
density. In that case, the charge of the neutralized background is Zy = (ne—nj)/n, . The particles charge influences the
ionization balance in gas, therefore the nonequilibrium ions and electrons appear near the surface of the particles
(Vishnyakov, 2005, 2006). The nonequilibrium ionization around the charged particles leads to the uniform spatial
distribution of ions, i.e. the ion unperturbed density is equal to the average value n;y = n;. Therefore, in the complex plasma,

NMep—1;

Zo T, )

and as follows from Egs. (1) and (2), the average value of the relative charge determines by the difference between the
average and the unperturbed electron number density

7 _ Ne—Tleo
Z= T 3

The particle charge depends on the balance of electron fluxes on its surface. There are the flux of thermionic emission
by Richardson-Dushman with the density

T 4mem,(kgT)? ( w )
=———expl—-—+=»
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the flux of photoemission
Igh = fnrf,eYjph,
and the backflow of electrons absorbed by the particle’s surface at the expense of their sporadic collisions, with the density

-abs
Je = Al;enes UTe,



V.L. Vishnyakov et al. / Journal of Aerosol Science 58 (2013) 9-16 11

where W is the electronic work function; T is the temperature in kelvin; e is the elementary charge; m, is the electronic mass;
kg is the Boltzmann constant; # is the Plank constant; r,, is the particle’s radius; Y is the quantum yield; j,, is the flux of photons

(the power of UV-radiation is 20—25 W/cm? at the wave length ~ 250 nm, which corresponds to Jpn ~ 10" cm~2 s~ with the
photon energy 5 eV); ne is the electron number density near the particle surface; vy = /8kgT/mm, is the thermal velocity of
electrons.

The equilibrium between the plasma and the particle exists if the sum of the fluxes is equal to zero: 4mnr2 'Z+I{,’h+

4mr2jibs = o, Consequently, the surface electron number density is
]ph
Nes = Ve €X
es e P keT + V1

where v, = 2(m.kT/21h?)>/? is the effective density of the electron states.
The ratio of the surface electron number density to the unperturbed electron number density determines the potential
barrier on the plasma-particle boundary

n
Up =kgT In eS—leni 4
p=Kkg Moo B Zotp 111" 4)

which is linked with the relative charge by the following equation:

~ «/kaTrp Ub Ub
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The relative charge as a function of Zy could be defined from Egs. (4) and (5) as

N V2kgTry MNes Nes

22 = e2 sgn(Up) \/ Zonp+n; _lnzonp +n; -1 ®)

The bulk plasma potential (the potential of the background) is a correction factor to the chemical potential of electrons;
therefore the average electron number density is linked to the unperturbed value by the following equation (Vishnyakov,
2012):

Ne = Neg €XP k(p;f

then, from Eq. (3) its follows that average value of the particle relative charge in the fume is
5 _ Neo €Py
Z= np ( XP T ~ ) 7
The bulk plasma potential is defined by the neutralized charge (Vishnyakov, 2012)

243 _pdl3 |t
Po = ZTIP(Z —ne"” +n;"7),

therefore, the relative charge is defined as a function of Z, from Eqgs. (2) and (7) in the following form:

. Zony+11 3e
2z = 22T {exp{ZkT Zmy” (Zonp+n)4/3+n4/3)} 1}. ®)
p np

Having calculate Zy by Eqgs. (6) and (8) it is easy to define other parameters of the environment, such as the electron
number density, the particles charge, the bulk plasma potential and the surface potential barrier.
The ion number density in the thermal plasma is defined by the Saha equation (Landau & Lifshitz, 1976):
nen; 2

-1
_ i —_
ne 3,V FPT =K

where n, = ns—n; is the atom number density as a result of ionization; n, is the initial atom number density; %; and X, are
the statistical weights of the ions and atoms, respectively; I is the potential of atom ionization; Ks is the Saha constant.

The existence of UV-ionization (the photon energy of 5 eV is sufficient for ionization of the alkali metal atoms) can be
taken into account by the continuity equation in the following form:

5719(,)
ot

+diV joi) = T2 Najpn + KionNeNa—Peintent = 0,

where r, is the atom radius; k;,, is the factor of thermal ionization; [?e,-~10’6 cm?/s is the factor of electron-ion
recombination (Pal’ et al., 2001).
In absence of UV-radiation, j,, =0 and kip,1e/f; = Ks . From here follows:
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For potassium and sodium, contained in the vapor-gas mixtures, it is necessary to solve Eq. (9) separately, and then
summarize the calculated number densities.

The interaction of the welding fume with the UV-radiation leads to the formation of the additional electrons, and
UV-radiation influence the ionization of alkali atoms more than the photoemission from the particles’ surface. As the
result, the flux of additional electrons to the particle exceeds the photoemission flux from the particle. In the dust-electron
plasma, the particles are charged positively, therefore Zy > 0. However, the high ionization degree of the alkali atoms,
whose number density usually reaches ny ~10'®-~10'7 cm~3 in the vapor-gas mixtures, can change the situation at the
expense of increased electron backflow to the particle. The potential barrier should accept the negative value for the
neutralization of this backflow. Thus, Z,—0, Z <0, i.e. the particles can carry the negative charge and n, < 1o, because
some part of electrons are absorbed by negative charged particles.

3. Nucleation

The welding fume formation is the result of heterogeneous ion-induced nucleation in the environment reached by the
electrons. Thus, there is an exchange of energy and charges between the nucleus and the environment. Therefore, the
classical nucleation theory (Green & Lane, 1964; Reist, 1984; Vehkamaki, 2006) requires update. The modernization of
classical theory by Vishnyakov et al. (2011) defined the change in Gibbs free energy as a result of nucleation in the
following form:

AG=4nrﬁy—§nrﬁpk%clan(s) +E, +Eex+Eq, (10)
where r,, is the nucleus radius; y =y, /(rn+20) is the surface free energy of the nucleus; 7, is the surface free energy of
the flat; ¢ is the Tolmen length (Bahadur & Russel, 2008); m,, is the mass of the condensable atoms; p is the nucleus
density; S is the supersaturation of the condensable vapor.

In Eq. (10) the first two terms describes the change in Gibbs free energy defined by the classical nucleation theory
(Reist, 1984). The term E, is the change in surface free energy as a result of formation of the double layer on the nucleus
surface

2«/2(]<BT)2T,~, Ub Ub 3/2
E.x is the change in Gibbs free energy as a result of the interphase energy exchange
3
Eex=—Zp (Wn + i kBT) ’ (] 2)

E, is the change in Gibbs free energy as a result of the nucleus charging; it has a different definition for the conductor and
dielectric:

ez 1 1
'n Tn Tj

Eqm = > 4+ } —for conductor, (13)

-6 Z2 11
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Eq=—5, ] —for dielectric, (14

where ¢ is the dielectric constant; r; is the radius of the single-charged positive ion, which induces the nucleation.

The two kinds of nuclei are formed by the heterogeneous ion-induced nucleation: the equilibrium nuclei with radius
Teq» Which are in the equilibrium state with the environment; and the nonequilibrium critical nuclei with radius r¢ > req,
which appear as the result of the fluctuations. The radius of the equilibrium nucleus is defined as a minimum of the
function AG(r,)

2
(aAG) -0 (8 AZG) -0 (15)
orn eq ors eq
the radius of the critical nucleus is defined as the maximum of the function AG(ry,)
0AG PAG
— ] =0 <0. 16
(arn )cr ( 61’% )cr ( )

The equilibrium nucleus is in the stable state and some activation energy is necessary for the nucleus growth
Uqet = AG(rer)—AG(req). This activation energy decreases down to zero (Uq: — 0) with the cooling of the gas-vapor mixture,
thus the equilibrium and the critical radii tend to equal values (ry —Teq). After that, the unrestricted growth of nuclei
begins, while the condensable material does not deplete.
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The number density of the equilibrium nuclei is defined by the thermodynamics balance between the subsystem of the
condensable atoms and the subsystem of the nuclei that are equal

Hn = Heas 17)

where pu, = G /N, is the chemical potential of the nuclei subsystem; G, is the Gibbs free energy of this subsystem; N, is the
number of nuclei; y., = Gea/Neq is the chemical potential of the condensable atoms subsystem; G, is the Gibbs free energy
of this subsystem; N, is the number of condensable atoms.

The Gibbs free energy of the subsystem of condensable atoms within the limits of ideal-gas approximation is Kittel
(1969)
Ncq

NeaVy
v = NeksT In oo (18)

Geq = NegkgT In

where n, is the atom number density; Vq = (27th? /mcksT)*/? is their quantum volume; v¢, = 1/Vj is their effective density
of states; V is the system volume.
Accordingly, the Gibbs free energy of the nuclei subsystem is

Gn = NuksT In % +Np AG(reg), (19)
n

where n,, is the nuclei number density; v, = (m,ksT/27h?)>/? is their effective density of states; AG is the change in Gibbs
free energy for formation a nucleus Eq. (10). It is obvious, that the nucleus mass is defined by mass of contained atoms
My = NanMeq, hence, v, = N3/2v.,, where Noy = 4mpr3 /3mg, is the number of atoms in one nucleus.

Prior to the nucleation start all the condensable material was in the gaseous state with the atom number density ngo. At
nucleation, some part of atoms pass into the nuclei; therefore, the atom number density decreases n.; = ngo—Nann,. Then,
from Eqgs. (17)-(19) follows:

_ Ngo
- —-3/2 AG(reg)’
Nan+ Nan3/ €xXp —k,(;[q)

(20)

Ny

but the number of nuclei is restricted by the number of inducing ions.
4. Formation of primary particles

The nucleation will be considered in the example of welding fume formed by the shielded metal arc welding using the
standard mild steel electrode with rutile coating (Oprya et al., 2012). Besides the manganese and silicon vapors, the vapor-
gas mixture contains the alkali metals and iron with the portions: gx = 0.06, gy, = 0.03, g, = 0.36. When the vapors stream
from the arc zone mixes with the air, the partial pressures of the condensable vapors P; in the vapor-gas mixture and their
supersaturations S; = P;/P; ¢, can be calculated from the temperature and the vapor composition

_ omi/ 1y
omo /g -+ 0Mair / Uy

where dm; = g;0my is the flow rate of the ith component; dmy =102 g/s is the mass flow rate of the vapors stream from
the arc zone; y; is the atom mass of the ith component; p, is the effective atom mass of the vapors stream:

-1
= (%) ~26g/mo
1

Uy, is the air molecular mass; P=1.01 x 10° Pa is the atmospheric pressure; dmy; is the mass rate of entrainment of the
air by the vapor stream, which is defined by the current temperature of the vapor-gas mixture T, the temperature of
environment T., ~ 300 K and the temperature of the vapors stream from the arc zone Ty ~ 3000 K

To—T
T-Ty

At the initial moment of nucleation the environment contains only the particles of disintegration of the welding
materials that are neglected. The neutralized charge Z, = 0, the average relative nuclei charge Z ~ —0.1 (disregarding the
ion charge), i.e. only one nucleus out of ten has the charge 1e; and the whole system can be considered neutral. Such a
situation well describes by the classical theory.

P, (21)

i

OMgiy = omy. 22)

4.1. Neutral environment

The results of calculations of the nucleation of iron (the basic component of welding fume) in such environment with
taking into account the typical temperature range rate dT/dt ~1 K/us are shown in Fig. 1.

The equilibrium nuclei formation begins at the temperature of vapor-gas mixture of T=2340K (t=0) and at the
temperature of 2135 K (t =205 ps) the activation energy of growth tend to zero and the unrestricted growth of nuclei
begins.
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Fig. 1. Time dependencies of the supersaturation S, the equilibrium nuclei radius rq the primary particles radius r, and the number density of
condensable atoms n¢, at the nucleation and growth of particles in the neutral environment.

The growth of nuclei, already the primary particles, is defined by the increment of the mass at the account of the

difference of the absorption and transpiration fluxes (Fuchs, 1964)

dm

Ttp = nrlz,acVTamca(nca_ncs),
where o is the condensation factor; vy, = 1/8ksT/mc, is the thermal velocity of the condensable atoms; m, is their mass;
ncs is the number density of the condensable atoms near the particle surface n. = nSg/S; S is the current supersaturation;
Sk = Psat(p)/Psar(00) is the change in vapor partial pressure at the account of the surface curvature and exchange
interaction as defined by the modernized Kelvin equation with taking into account Egs. (10)-(13)

A 2 2
In(Sg) = .y rp+36 ez i Z(W,,+Z3’:I<BT/2) e“(1+Z; 7 ) 23
47tpk Ty +20% 3ksTrs r3 2r8
The change in the primary particle radius as a result of growth is
drp — 1 dmp _ %cVUtaMcq Sk
de anrgp dr —dp nm(]_?)‘ (24)

The results of calculations of the growth of the primary particles under condition that their charge is determined only
by the positive charge of the initiation ion (Z = Zy = 0), are shown in Fig. 1. The calculation is limited by the melting point
of iron (1800 K). Thus, in the terminating point of calculation, the number of iron atoms is much less than the number of
primary particles nq/n, ~0.1; i.e. it is possible to consider that all the iron has transitioned to the condensed phase.

4.2. Charged environment

The major nuclei number density (~ 10'° cm~3) causes the intensive Brownian coagulation already at the initial
moment of nucleation. Suppose that coagulation occurs only as a result of the pair collisions. Then this process can be
described by the Smoluchowski equation (Heilmann, 1992)

8n
k = Zﬁlkn Ny_ij—Ny Zﬁl kM (25)

i=1

where n, is the number density of the agglomerates containing k primary particles; the kernel of coagulation in the free
molecular regime is

8kgT m;+my 1/2
T mmy '

By = (ri 1) (
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The number of fractions limits by the presence of 1 agglomerate in the fraction. Then the calculation produces
ng¢ ~ 10" cm~3 agglomerates with the radius larger than the critical radius (rj¥ > re- = 0.6 nm) are formed per 1 ps at the
temperature of 2340 K.

It should be noted that the particles are in the liquid phase, therefore the coagulation process leads to the formation of
the new droplets that can unrestrictedly grow, having the radius larger than the critical radius. Besides, the agglomerates
get charges, accordingly the gas environment also gets a charge as the whole system remains neutral. Thus, further
nucleation and growth of the particles occur in the charged environment, and the charge of the neutralized background
can change in the range 1 <Z; <2.
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Fig. 2. Time dependencies of the particles’ average radius at the nucleation and growth in the environments with different neutralized charges.
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Fig. 3. Time dependencies of the particles’ average relative charge at the nucleation and growth in the environments with different neutralized charges.

The time dependencies of the particles’ average radius and their average relative charge Z are shown in Figs. 2 and 3,
respectively, for the environments with different charges of the neutralized background. The dependencies correspond to
the cooling of the vapor-gas mixture from the temperature of 2650 K down to the iron melting temperature of 1800 K.

The exchange processes causes the increase of the nuclei equilibrium radius; and the growth start earlier than in the
neutral environment. Such behavior is caused by the change in Gibbs free energy. As it follows from Eqs. (10) and (12) the
change in AG by the interphase energy exchange E.x ~ —Z, that decrease it on a par with supersaturation S. The radius of
the primary particles is increased when the neutralized charge increases; the absolute value of Z is increased too, because
it linearly connected with the particle radius Eq. (5). Such behavior is caused by the decrease of In(Sg) ~ 726 (Eq. (23)) with
increasing of the neutralized charge.
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5. Conclusion

So, the classical nucleation theory is applicable only at the initial moment of the welding fume formation. Further, the
dispersion environment of agglomerates of the equilibrium nuclei is formed, and new environment changes the process of
the vapor condensation. This change leads to the increase of the charge of the neutralized background and, accordingly,
to initiation of the nucleation under the conditions of small saturation of vapor-gas mixture by iron vapor, i.e. at higher
temperature than in the neutral environment.

Thus, the processes of interphase exchange of energy and charges contribute to the nucleation and growth of the
primary particles of the welding fume, and influence the displacement of the area of fume formation to the boundary of
the inferior zone of arc where the oxidizing of the multi-component vapor-gas mixture can be neglected.

The UV-radiation of arc in the welding fume leads to the decrease of the positive charge of particles or to the increase of
the negative charge. Such influence decreases the charge of the neutralized background and, accordingly, decreases the
condensed particles radius.

It should be noted also that in such statement of a problem the theory allows to describe the distribution of the primary
particles in the sizes at any moment of their nucleation and growth with regard for the interphase exchange processes.
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