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A B S T R A C T

The ionization balance in the welding fume plasma is studied for shielded metal and gas metal arc
welding. The presence of condensed particles causes the ionization of gas atoms on the particle
surface and leads to ionization balance displacement in the space charge layer around particle.
Therefore, the average electron and ion number densities are changed, when charged particles
are present in the plasma. It leads to the nucleation process change and, accordingly, influences
the fume formation rate. The measured particle formation rates for different potassium additives
in the shielding gas are presented. The calculated nuclei number densities for gas metal arc
welding with potassium additive, which correlates well with experimental data, are demon-
strated.

1. Introduction

The arc welding is accompanied by emission of the high-temperature metal vapors in environmental air. Mixing of vapors with air
leads to their cooling, liquid droplets condensation, droplets solidification and formation of primary particles, their coagulation and
formation of inhalable particles in the breathing zone. Inhalable particles have the complex chemical composition, frequently un-
healthy. Therefore, welding fumes represent toxicological and ecological danger, to reduce them is necessary to know how to control
the chemical and disperse composition of inhalable particles in the process of their formation.

Formation of particles in the welding fumes results from condensation of vapors effusing from the arc zone. Thus, there is
heterogeneous ion-induced nucleation, i.e. condensation centers are ions. The ions appear via the vapor atoms ionization, which
occurs because of collision with electrons (thermal ionization) and by the interaction with arc UV-radiation. Besides these, the
ionization by collisions of atoms with condensed particles also can exists. Thus, there are at least three channels of ionization, which
are necessary for considering while describing the ionization balance in the welding fume plasma. It should be taken into account that
different ionization-recombination channels influence each other, because each of them changes the number of electrons and ions in
the system that leads to change in every channel recombination intensity.

For the first time, probably, Sugden and Thrush (1951) detected the ionization balance displacement in the plasma, containing the
condensed particles, while studying the hydrocarbon flames. Similar results have been obtained by Shuler and Weber (1954). They
have assumed that the source of excess electrons is the thermionic emission from the particles' surface. The description of plasma
ionization, based on the equilibrium of submicron particles with gas phase, was proposed by Einbinder (1957) and was delivered by
Smith (1958). Arshinov and Musin (1958a, 1958b) modified Einbinder method for the case of negatively charged particles presence
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in the plasma. They have obtained the equilibrium constant, as a function of particle size and charge distribution. Gibson (1966) has
considered in details the influence of thermionic emission from particle surface on the ionization balance. Further, including up-to-
date studies, are basically devoted to determination of electron number density and particle charges (Fortov & Iakubov, 1984; Fortov,
Khrapak, Khrapak, Molotkov, & Petrov, 2004; Goree, 1994; Semenov & Sokolik, 1970; Shukla &Mamun, 2002; Sicha, 1979;
Sodha & Kaw, 1968; Sodha &Mishra, 2011; Sodha, Palumbo, & Daley, 1963; Zhukhovitskii, Khrapak, & Yakubov, 1984). Ionization
balance in the dusty plasma is studied insufficiently.

The presented paper is devoted to ionization balance in the welding fume plasma theoretical studying and also includes ex-
perimental researches of plasma ionization on the particle formation effect when gas metal arc welding is used.

2. Charge carriers number densities

Ionization balance in the thermal plasma is described by Saha equation (Kittel, 1969; Landau & Lifshitz, 1976):
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where ne, ni and na are the average for local thermodynamic equilibrium (LTE) region number densities of electrons, ions and atoms,
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is the effective density of the electron states; I is the potential of atom ionization; kB is the Boltzmann constant; T is the temperature in
kelvin; me is the electron mass; ℏ is the Plank constant; KS is the Saha constant.

The arc UV-radiation with photon energy ≥hν I effects on the ionization balance. At the shielded metal arc welding (SMAW) the
additional agents of potassium with ionization potential =I 4.34 eVK and sodium with ionization potential =I 5.14 eVNa are inserted
into the plasma from electrode cover, and they determine the plasma ionization degree. The photon flux of UV-radiation from
welding arc with photon energy ≥hν 5 eV is ∼ − −j 10 cm sph

15 2 1. Such radiation intensity influences weakly on ionization balance in
the condensation zone at the temperature ∼ −T 1800 3000 K. However, in the coagulation zone, when the temperature <T 1500 K,
ionization by UV-radiation becomes basic. Evolutions of potassium and sodium ionization in the cooling vapor are presented in Fig. 1.

Therefore, Saha constant in equation (1) should be replaced by formula, which considers the UV-radiation (Vishnyakov,
Kiro, & Ennan, 2013):
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where ra is the ionizable atom radius ( =r 0.28 nma for potassium and =r 0.22 nma for sodium); γei is the electron-ion recombination
coefficient ∼ − −γ 10 cm sei

6 3 1 (Pal', Starostin, & Filippov, 2001).
The plasma electrical neutrality means that

= =n n n ,e i 0 (2)

where n0 is the unperturbed number density, which is determined from (1):
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The welding fume plasma in the condensation zone contains the droplets of growing nuclei, which interact with plasma ions and
electrons. The cooling of welding fume causes the droplet phase transition into solid particles, which also interact with free ions and
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Fig. 1. Typical equilibrium ionization of additional agents in cooling vapor; Content in electrode cover: 3% K and 6% Na.
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electrons. The interphase interaction leads to charging of the condensed particles. Thus, the space charge region (SCR) is formed
around the charged particles, where displacement of ion and electron number densities in the particle electric field occurs. On the
plasma-particle boundary the electron number density determines by the balance between emission electron flux (via thermionic
emission and photoemission) (Vishnyakov et al., 2013):

= − +I πa πm k T
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and backflow of electrons adsorbed by the particle surface at the expense of their sporadic collisions:
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where a is the particle radius; W is the electron work function; Y is the quantum yield; =v k T πm8 /eT B e is the thermal velocity of
electrons; =n n V k Texp( / )es b B0 is the surface electron number density; Vb is the potential barrier on the plasma-particle boundary.

For example, surface electron number density under thermionic emission (without a photoemission) is equal
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and, considering the Saha equation (1) for equilibrium ionization in SCR near particle surface: =n n n K/es is as S, it follows for ionization
degree near particle surface
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which is known as Saha - Langmuir equation (Dresser, 1968).
In general case, considering photoemission, surface electron number density
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and when the temperature <T 1500 K,
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i.e. determines by UV-radiation only.
The plasma atoms' ionization degree inside SCR and outside of it (far from the particle) is different. It is caused by additional

channels of ionization and recombination on the particle surface that distinguishes SCR from other plasma volume. In papers
(Vishnyakov & Dragan, 2005; Vishnyakov, Dragan, & Evtuhov, 2007) it was proposed to consider this fact by introduction of the
effective ionization potential depending on the particle electric field. This method is inapplicable for system under consideration
because photoionization is taken into account.

There is another approach to this problem (Vishnyakov, 2005, 2006; Vishnyakov & Dragan, 2006). The Boltzmann distribution
law usually applies for description of charge carriers in the equilibrium plasma (or in LTE region): ∼n eφ k Texp( / )e B ,

∼ −n eφ k Texp( / )i B . Then SCR can be considered as a region where plasma displacement from equilibrium occurs. Accordingly, the
electron and ion number densities can be determined as deviations from equilibrium values:
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where deviation δn should be identical for ions and electrons, because the volumetric charge should be preserved.
The nonequilibrium additive was determined as function of the potential (Vishnyakov, 2005):
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where =Φ eφ k T/ B is the dimensionless potential.
The dependencies of nonequilibrium number densities (10) and (11) as ratio to Boltzmann distribution law on the potential are
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presented in Fig. 2. The typical for SMAW nucleation zone values were used for calculation: the initial potassium number density
= −n 10 cmA

17 3; the temperature =T 2700 K; the work function =W 4.3 eV; the photon flux = − −j 10 cm sph
15 2 1. Only negative po-

tential is considered, because high work function value provides nuclei negative charges (Vishnyakov, Dragan, & Florko, 2008).
The plasma ionization degree decreases in SCR under negative particle charge. However, essential change of the nonequilibrium

ion number density occurs only at small values of negative potential. The increase of negative potential leads to strong increasing of
the equilibrium ion number. Thus, the nonequilibrium additive becomes negligible in comparison with the Boltzmann distribution
law: − ⪢ −n Φ δnexp( )0 .

The neutrality condition (2) is still valid in the unperturbed plasma area far from the particles, and the unperturbed number
density is determined by Eq. (3). The electron number density is determined by equation (7) near particle surface that allows
formulating the equation for potential barrier, using (10):
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which approximate solution is the expression:
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The neutrality of the whole plasma volume depends on the charged particles,

= −Zn n n ,p e i (13)

where Z is the average particle charge in the elementary charges; np is the average particle number density; ne and ni are the average
on whole volume electron and ion number densities.

The average values of number densities can be calculated via the number of charge carriers, attributable to one particle, i.e. by
calculating the integrals from distributions (10) in the Wigner-Seitz cell, which is a sphere with radius =R πn(3/4 )W p

1/3 around a
particle with radius a:

∫ ∫= =N π r n dr N π r n dr4 , 4 .eW a

R
e iW a

R
i

2 2W W

(14)

Then, the average on whole volume number densities are equal: =n N ne eW p and =n N ni iW p. However, for calculations via Eqs.
(14) the potential spatial distribution is necessary.

The potential distribution in a particle neighborhood, generally speaking, is unknown, because the solution of the Poisson-
Boltzmann equation in spherical symmetry (Vishnyakov et al., 2007) is not known. In the flat case, the solution is function
(Vishnyakov & Dragan, 2005)
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0 is the screening (Debye) length.
The analysis of numerical solution of the Poisson-Boltzmann equation in spherical symmetry allowed to build a function, which

Fig. 2. Dependencies of relative number densities on potential: ne0 and ni0 are the Boltzmann distributions law.
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correlates effectively with this numerical solution:
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and, if the potential barrier height is subject to condition
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then function (16) correlates well with the known Debye potential distribution
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In calculations it is necessary to consider the dependency of the work function on the particle size, which is essential for nanosized
particles, such as nuclei (Smirnov, 1997):

= +W a W e
a

( ) 0.39 ,0
2

where W0 is the work function for flat surface.
The calculating results for average electron and ion number densities as functions of particle radius with taken into account of

nonequilibrium ionization are presented in Fig. 3.
The number of charge carriers in the Wigner-Seitz cell determines a particle charge in conformity with neutrality condition (13):

= −Z N NeW iW . Dependencies of the particle charges on their radius are presented in Fig. 4 for different values of the particle number
density. The fractional values of charge are caused by averaging. The charge of 0.1 electron should be understood as 1 electron for 10
particles.

Fig. 3. Dependencies of the average number densities on the particle radius.

Fig. 4. Dependencies of particle charge on the particle radius.
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The average charge carriers' number density has order of −10 cm14 3 in the plasma under consideration. Therefore, only one free
electron falls to ten particles under particle number density ∼ −n 10 cmp

15 3. Such a system can't be described in homogeneous ap-
proach and previously used integration on Wigner-Seitz cell (14) is not suitable. In this case such a procedure should apply to charged
particles only. The averaging should consider the relation between charge carrier and particle number densities.

Reduction of the particle number density leads to charge growth. The particle charge ceases to depend on particle number density
at its low value, because there are enough electrons for charging of the particle to the equilibrium charge.

3. Evolution of the ion number density under welding fume cooling

Ion number density is of special interest for welding fume plasma, because the ions are the condensation centers at the ion-
induced nucleation. The additional agent of alkali metals, which is presented in the electrode covering, is the ions' source when
SMAW is used. The interior part of electrode burns out more promptly than the exterior cover during welding process. Therefore,
recess, in which the vapor ionization occurs, is formed (see Fig. 5a). The alkali additional agent intensively immerses UV-radiation
from arc. Therefore, only the long-wave radiation with photon energy <hν 4.3 eV (potassium ionization potential) penetrates into
environment, which corresponds to wave length >λ 288 nm.

Thus, already ionized vapors effuse into environment. For example, electrodes covered with carbonate-fluorite (CaCO3-CaF2)
Paton UONI 13/55 (American Welding Society classification E6015) contains 3% of potassium and 6% of sodium. The individual
Saha constant is calculated for each additional agent metal: KS

K and KS
Na. The resultant equilibrium unperturbed number density is

determined as
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where initial values of the atom number densities nA
K and nA

Na are determined by vapor-air mixture formation.
The cooling of the vapor-air mixture is defined by the turbulent mixing of the mass flow of vapors from the arc zone Jvap with air

(Vishnyakov, Kiro, & Ennan, 2014). The mass flow of entrainment of the air Jair can be approximately considered as directly-pro-
portional to flow rate of the vapor-gas mixture = +J J Jmix air vap, i.e. is described by the following equation:

= =dJ
dt

dJ
dt

α J ,air mix
T mix

where αT is the factor, which is defined by the initial conditions of the efflux of vapors from the arc zone.
Hence, it follows, that =J J α texp( )mix vap T , = −J J α t[exp( ) 1]air val T and the condensable components' mass fractions in the vapor-

air mixture are determined in the following form: = = −g g J J g α t/ exp( )i i vap mix i T0 0 , where gi0 is the initial component content in
vapors.

Accordingly, the air mass fraction in mixture: = − −g α t1 exp( )air T , and the effective molecular mass of mixture is
= ∑ + −μ g μ g μ[ ( / ) / ]mix i i air air

1, where μi is the components' molecular mass; μair is air the molecular mass.
Then the current number density of the component atoms can be describes by equation:
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k T

g μ
μ

P
k T

,A
i i

B

i mix
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where Pi is the component partial pressure; P is the atmospheric pressure.
Under assumption that a change in temperature of vapor-air mixture occurs only by mixing with shielding gas, the current

temperature can be described as:

= + − −∞ ∞T t T T T α t( ) ( ) exp ( ),T0 (20)

where T0 is the initial vapor temperature; ∞T is the air temperature.
The dependencies of the alkali metal atoms' number densities on the temperature is determined by Eqs. (19) and (20). Resultant

Fig. 5. Schematic drawing of SMAW (a); numerical simulation of GMAW (Dreher, Füssel, & Schnik, 2009) (b).

V.I. Vishnyakov et al. Journal of Aerosol Science 113 (2017) 178–188

183



evolutions of the electron and ion number densities under vapor-air mixture cooling are presented in Fig. 6. The unperturbed number
density is determined by equilibrium Saha equation. The average electron and ion number densities are calculated by equations (14)
with taken into account of the ionization balance displacement in SCR. It is clear that equilibrium displacement is increased under the
temperature decrease, when the photoionization starts to play the key role.

The welding fumes obtained under gas metal arc welding (GMAW) do not contain the alkali additional agent. The arc UV-
radiation is not absorbed by alkali metal atoms as in case of SMAW, therefore short-wave radiation penetrates into environment that,
for example, causes intensive formation of ozone, when GMAW is used. The condensable atoms are the source of ions.

The high-temperature metal vapors from the weld materials mix up with shielding gas under the welding torch nozzle. As it
follows from numerical simulation (Dreher et al., 2009), results of which are shown in Fig. 5b, the gas average temperature in the
boundary region at the torch outlet ∼T 2500 K. It means that nucleation occurs in the vapor-shielding gas mixture, before mixing
with air. Therefore, shielding gas instead of air should be used in calculation of the vapor mixing, and, accordingly, the temperature
of shielding gas =∞T Tsg should be used in Eq. (20).

The rate of condensable atoms' thermal ionization is weaker than in alkali metals case, because the ionization potential is higher
(for iron =I 7.9 eVFe , for manganese =I 7.4 eV)Mn . However, the photoionization rate is more intensive because of the increasing
photon flux at GMAW: ∼ − −j 10 cm sph

16 2 1.
The equilibrium number densities of the ions from condensable materials are presented in Fig. 7 for initial mass fractions, which

are determined by the welding wire composition: =g 0.965Fe for iron; =g 0.02Mn for manganese; =g 0.01Si for silicon; =g 0.005Cu for
copper.

The results of the nonequilibrium ionization calculations are presented in Fig. 8. Effect of the nonequilibrium ionization is higher
when GMAW is used in comparison with SMAW. It is caused by more low ionization degree. The Saha - Langmuir equation (6) gives
the surface ionization degree for high ionization potential much lower, than for alkali metals. It leads to more appreciable ionization
balance displacement at the expense of nonequilibrium additive δn (9).

Addition of the alkali metal into shielding gas should lead to the ion number density increase. Ion number densities evolutions at
vapor-gas mixture cooling for the different content of potassium in the shielding gas are presented in Fig. 9. At the initial time

Fig. 6. Evolutions of the electron and ion number densities under vapor-air mixture cooling, when SMAW is used (particle number density is −10 cm13 3).

Fig. 7. Evolutions of the equilibrium ion number densities under vapor-gas mixture cooling, when GMAW is used.
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moment (at temperature of 3000 K) mixing is absent, and the ion number density is determined by the initial vapor composition.
However, in process of vapors with shielding gas mixing there is ion number density increasing, which is caused by potassium added
in the shielding gas. Even very low content of the potassium additive (0.01%) leads to essential increase of ion number density and,
accordingly, electrons, which affects the nucleation and nuclei growth.

4. Experimental study of the effect of potassium additive on particle formation rate

The scheme of experimental equipment, which was used for welding fume particle formation rate measurement, is shown in
Fig. 10. Welding fume was generated by the welding on rotated flat mild steel plates with thickness of 10 mm under the stationary
torch inside the fume chamber. The DC MMA/TIG/MIG/MAG Paton PSI-250R invertor rectifier was used for producing welding
fumes using ER 70S-6 welding wire with 0.8 mm diameter. The reverse polarity (i.e. electrode wire is positive and the plate is
negative) direct current of ±95 5 A and voltage of ±20 0.2 V, and wire feed speed of ±8.6 0.1 cm/s were used, as the manufacturer of
the electrode wire recommends. A constant contact tube to workpiece distance 9 mm and the angle ○90 measured between the plate
and the wire axis was maintained throughout all tests.

Potassium injection into shielding gas (CO )2 was carried out using pneumatic medical nebulizer (Vega Technologies Inc.) with
outlet stainless-steel grid (100 µm). A flow (4 Lpm) of dry carbon dioxide is used to nebulize the aqueous solution of potassium
carbonate. The nebulized aerosol droplets are entered directly into the mixing/drying chamber through the center hole of the
stainless-steel porous plate. Teflon rings seal the porous plate along the perimeter and at the center hole. Dry carbon dioxide co-flow
(5 Lpm) is introduced into the mixing/drying chamber below the porous plate. The gaseous co-flow is necessary for providing total
shielding gas flow, necessary for welding, both drying the droplets and transporting the resulting aerosol into the welding torch gas
nozzle (internal diameter 15 mm) with minimum wall losses. Mass flow rate of the nebulized solution was determined by measuring
the nebulizer weight changes over the flow period for each test.

The welding fume plume was localized by extracting air at a distance of 20 cm from the welding arc with a flow of 1.7m /min3 and

Fig. 8. Evolutions of the electron and ion number densities under vapor-gas mixture cooling with taken into account nonequilibrium ionization, when GMAW is used
(particle number density is −10 cm13 3).

Fig. 9. Evolutions of the ion number densities under vapor-gas mixture cooling, when GMAW with additional potassium is used (particle number density is −10 cm13 3).
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redirected into the vertical pipe for isokinetic sampling of welding fume with flow rate of 1 Lpm. The total particle number in the
sample of welding fume was measured using the laser aerosol spectrometer (LAS-P, 2010). The maximum relative error in de-
termining the particle sizes and their number density is 5% and 10%, respectively, when the particle number density in a sample flow is
less than × −2 10 cm3 3. The particle number density in the sample has the typical value of −10 cm5 3. Therefore, the dual-stage aerosol
dilution system with the total dilution ratio of 230 for sample flow rate 1 Lpm was used. Petryanov's filters with the collection
efficiency of at least 99.99% for the particles with size of 0.15–0.2 µm were used in the dilution system.

The measured by LAS-P number of particles in sample was recalculated in particle formation rate while taking into account the
extracting fume flow rate and dilution ratio. The results are presented in Fig. 11 for different potassium weight fraction in the
shielding gas. This dependency demonstrates decreasing of the particle generation rate with potassium fraction increasing.

5. Nucleation modelling and discussion

The welding fume formation is the result of heterogeneous ion-induced nucleation in the environment enriched by the electrons.
Thus, there is an exchange of energy and charges between the nucleus and the environment. Such consideration has been proposed by

Fig. 10. Experimental equipment scheme: 1, fume chamber; 2, welding torch; 3, turntable; 4, slit air inlet; 5, vertical pipe; 6, nozzle for isokinetic sampling; 7, dual-
stage aerosol dilution system; 8, laser aerosol spectrometer; 9, air flow meters; 10, gas cocks; 11, nebulizer; 12, stainless-steel porous plate; 13, stainless-steel grid; 14,
mixing/drying chamber. Torch scheme: 1, electrode wire; 2, contact tube; 3, welding torch nozzle (internal diameter 15 mm); 4, mild steel plate.

Fig. 11. Effects of potassium weight fraction in CO2 on the measured particle formation rate (black dots), nuclei number density and change in Gibbs free energy of
nucleus formation.
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Vishnyakov, Kiro, and Ennan (2011, 2013), where the change in Gibbs free energy as a result of nucleation is determined in the
following form:

= − + + +G πr γ πr
ρk T S

m
E E EΔ 4 4

3
ln( )

,n n
B

ca
γ ex q

2 3

(21)

where rn is the nucleus radius; = +γ γ r r δ/( 2 )n n0 is the surface free energy of the nucleus; γ0 is the surface free energy of the flat; δ is
the Tolmen length; mca is the mass of the condensable atoms; ρ is the nucleus density; S is the supersaturation of the condensable
material.

In Eq. (21), the first two terms describes the change in Gibbs free energy defined by the classical nucleation theory. The term Eγ is
the change in surface free energy as a result of the double layer on the nucleus surface formation, which can be considered by
Lippmann equation (Yeo & Chang, 2005):
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= −E Z V
2

;γ
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Eex is the change in Gibbs free energy as a result of the interphase energy exchange:

= − ⎛
⎝
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Eq is the change in Gibbs free energy as a result of change in the electrostatic energy, which in classical theory (Reist, 1984) is
described as
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where ε is the dielectric constant; ri is the radius of the single-charged positive ion, which induced the nucleation. With taking into
account the possible nucleus charge, it has a different definition for the conductor and dielectric:
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The number density of equilibrium nuclei with radius =r rn eq is determined in the following form (Vishnyakov et al., 2013):

=
+ −

n n

N N exp
,n

a

an an
ΔG r

k T

0
3/2 ( )eq

B (22)

where na0 is the initial (prior to the nucleation start) condensable atom number density; Nan is the number of atoms in one nucleus.
The dependency of the nuclei number density on the potassium weight fraction in the shielding gas is demonstrated in Fig. 11.

This number density is decreased with potassium fraction increase. The cause of the nuclei number density decrease lies in interphase
interaction, which leads to the negative nuclei charge growth. Addition of the potassium into shielding gas causes the change in the
nuclei charge Zn and potential barrier height Vb, because the additional electrons appear in the plasma. Accordingly, it leads to the
growth of terms Eex, Eq and Eγ (Eγ can be neglected) in Eq. (21). Therefore, the change in Gibbs free energy is increased with the
increase of potassium additive. It is demonstrated in Fig. 11. As it follows from Eq. (22), the increase of G rΔ ( )eq cased the nuclei
number density decrease.

The nuclei number density determines all other processes, such as nuclei growth and coalescence, and primary particles' for-
mation. Therefore, this density determines the generation rate of the welding fume. Thus, decreasing of the nuclei number density
should be correlated with measured particle formation rate, which is demonstrated in Fig. 11.

6. Conclusion

The surface of charged condensed particle is the source of nonequilibrium plasma ionization, which determines the average
electron and ion number densities. It is the self-consistent process, because electron and ion number densities determine the particle
charge and, accordingly, influences both homogeneous (Vishnyakov, 2008) and heterogeneous (Vishnyakov et al., 2011) nucleation.

Potassium additives to the shielding gas leads to change in nuclei number density, when gas metal arc welding is used. The
potassium additives causes the electron and ion number densities increase, which leads to the negative nuclei charge increase and to
the growth of change in Gibbs free energy when nucleation occurs. It causes the nuclei number density decrease while the potassium
additive increases.

The nuclei number density determines the rate of welding fume particle formation. Therefore, addition in the shielding gas of
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potassium should lead to reduction of the fume formation rate that reduces environment pollution and toxicological hazard. Besides,
the presence of alkali metal atoms in vapors reduces the ozone emission.

This theoretical conclusion well meets the experimental data, which demonstrates the reduction of the particle formation rate
when the potassium fraction in the shielding gas is increased.
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