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Abstract A computational model of the formation of welding fume in arc plasmas, under
conditions occurring in metal-inert-gas (MIG) and metal-active-gas (MAG) welding, is
presented. The model couples the chemical kinetics occurring in high-temperature mix-
tures of iron vapour, oxygen and argon with a moment model of the nucleation and growth
by condensation of iron and iron oxide nanoparticles. Results are presented for different
iron vapour concentrations, oxygen-to-argon ratios, and quench rates. It is found that the
presence of oxygen has important effects on the gas-phase chemistry and the properties of
the nanoparticles. FeO nanoparticles are preferentially nucleated, and have smaller
diameter than the Fe nanoparticles that are produced in the absence of oxygen. The final
composition of the nanoparticles depends on the relative concentrations of iron and oxygen
in the plasma. A three-dimensional arc model that includes vaporization of the wire
electrode is used to predict temperature, velocity and iron vapour mass fraction distribu-
tions in typical MIG and MAG welding conditions. Calculations of nanoparticle formation
and growth along streamlines confirm the importance of oxygen in determining the fume
particle properties.
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Introduction

Welding fume is an unavoidable by-product of the vaporization of molten metal that occurs
in arc welding. Fume is mainly produced by nucleation of the metal vapour to form
nanoparticles; these nanoparticles subsequently grow through condensation of additional
vapour, and coagulation to form larger particles or chains of smaller particles.

Welding fume is a significant occupational health problem, which particularly
affects the respiratory and cardiovascular systems [1-3]. Both the dimensions and com-
position of the fume particles can cause problems. The typical sizes of the chains of
particles are such that they can become lodged in regions of the lungs from which they are
not easily cleared. Further, chromium, nickel and manganese, which are present in fume
when stainless steel is welded, have carcinogenic or neurotoxic properties.

The most widely-used form of arc welding in manufacturing industry is MIG/MAG
welding (metal—-inert-gas/metal—active-gas welding, also known as GMAW or gas—metal
arc welding). In MIG welding, an inert gas, usually argon, is used as the shielding gas. In
MAG welding, oxygen or carbon dioxide is added to the argon; pure carbon dioxide can
also be used. When welding iron or steel, the fume particles are composed mainly of iron
oxide. In MIG welding, the initial nanoparticles can be composed of iron if the shielding is
thorough, since there is no oxygen in the shielding gas; oxidation will then occur subse-
quently at the edge of the arc. In MAG welding, oxygen is present in the arc, so it is
possible that the initial nanoparticles are composed of iron oxide.

Several approaches have applied to modelling of nanoparticle formation and growth in
thermal plasmas [4], of which welding arcs are an example. Those relevant to iron
nanoparticle production include the discrete—sectional model of Girshick et al. [5], which
was applied to conditions of an atmospheric-pressure radio-frequency inductively-coupled
plasma (RF ICP), with iron vapour mole fraction of order 1% and quench rates slower than
10° K s™L. Subsequently, Girshick et al. [6, 7] extended their model to include coagulation,
and developed a moment model coupled to a two-dimensional model of an RF ICP reactor;
Bilodeau and Proulx [8] used a similar approach to model iron nanoparticle production in
an RF ICP reactor. Several experimental papers on synthesis of iron and iron oxide par-
ticles have been published, including [9] and the references provided therein.

Models of fume formation in welding arcs have been, in contrast to the above models of
iron nanoparticle formation, relatively unsophisticated until fairly recently, using semi-
empirical approaches to estimate the total amount of fume formed and the location of the
formation process (e.g., [10]). Recently, however, the work of Tashiro et al. [11, 12],
Boselli et al. [13] and Sanibondi [14] has used more rigorous physics-based approaches.

Most computational models of fume formation neglect the presence of oxygen in the
arc, instead assuming that the fume is formed of iron nanoparticles. Tashiro et al. [15] used
a one-dimensional model of nucleation and condensation of iron nanoparticles, and a two-
dimensional model of coagulation, to predict the size and shape of fume particles,
including particle chains, formed in MIG welding. Subsequently, Tashiro et al. [12]
improved their coagulation model by including the influence of particle charging and
Brownian motion on the particle motion, and by allowing the particle temperature to differ
from the gas temperature. In both cases, the time-dependence of temperature and the initial
partial pressure of metal vapour were derived from two-dimensional models of arc
welding. Boselli et al. [13] coupled a two-dimensional model of MIG welding to a moment
model of fume formation that takes into account nucleation, condensation and coagulation.
The coupled model allowed the prediction of the distribution of the fume production in the
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region surrounding the arc, although the shape of the particles could not be calculated.
Vishnyakov et al. [16] used an approach derived from modelling of dusty plasmas to
examine the influence of ion-induced nucleation on nucleation and condensation of iron
vapour in shielded metal arc welding, extending this to include coalescence of the particles
[17] and condensation of the components other than iron vapour that are derived from
vaporization of the coated wire electrode used in this type of welding [18].

Only the recent paper of Sanibondi [14] has considered the influence of oxygen in fume
formation. He considered nucleation of Fe and FeO nanoparticles, and their growth by
condensation and coagulation, as well as oxidation reactions between gas-phase species
and nanoparticles. The calculation was one-dimensional, using the time-dependence of
temperature and initial partial pressure of metal vapour taken from the MIG welding model
of Tashiro et al. [15]. The initial composition of the gas before nucleation was obtained
assuming chemical equilibrium, with assumed oxygen partial pressures added to the
argon—iron-vapour mixture obtained from the MIG welding model.

In our work, we present a chemical kinetic model that includes the important gas-phase
species, and couple this to a model of nucleation and condensation; this allows both the
composition and mean size of the nanoparticles to be predicted. We further combine the
model with temperature and compositions along streamlines obtained from a three-di-
mensional model of the MIG/MAG welding arc. Our work therefore has two advantages
over that of Sanibondi; we do not assume chemical equilibrium for the initial gas com-
position, and we use time-dependence of temperature and metal-vapour partial pressure
obtained from a welding model in which oxygen is included. However, unlike Sanibondi,
we do not consider coagulation or oxidation of the solid particles, and our model is only
able to predict the average particle size, not the distribution of sizes.

We first present the methods we use in the chemical kinetics, particle formation and
welding arc models. We next present a series of results for constant quench rates to
establish the dependence of particle properties on the iron vapour and oxygen concen-
trations and the quench rate. We then investigate the formation of fume particles in a MIG
arc in pure argon, and MAG arcs with oxygen added to the argon.

Methods
Chemical Kinetics

We consider the following gas-phase species in the model: Fe, FeO, FeO,, O,, O and Ar.
Since nucleation of nanoparticles occurs at temperatures below the boiling temperature of
the material of which they are composed, it is reasonable to neglect the presence of ionized
species, which are not present in significant amounts until the temperature reaches well
above the boiling temperatures.
The following chemical reactions were considered:

O+Fe+M < FeO+M

Fe + O, < FeO + O

Fe+ O, + M < FeO, + M

FeEO+ O +M < FeO, + M

FeO, + O < FeO + O,

0O+M < 0O+0+M
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where M represents any third species. The forward reaction rates were taken from [19].
The reverse reaction rates were determined from the equilibrium constant, with the Gibbs
free energy taken from the JANAF tables [20].

Nucleation and Condensation

We use the kinetic nucleation rate recommended by Girshick and Chiu [21] to calculate the
nucleation rate of a species i:
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where ¢, is the surface tension, ny ; is the saturation number density, S; = n;/n,; is the
supersaturation and ©; = a;s;/kT is the dimensionless surface energy of species i; k is
Boltzmann’s constant, 7 is the temperature, and v;, m;, n; and s; are respectively the
volume, mass, number density and surface area of a monomer of species i. It is assumed
that clusters are stable once they reach the critical particle size

. 4o
i KkTIn S;

(3)

The rates of change of the total number density of particles N, total diameter of particles
per unit volume M and total surface area of particles per unit volume A are calculated using
the moment model derived by Friedlander [22], adapted to treat multiple species:
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where &} is the number of monomers in a particle of critical size and
b; = 2n,vi\/kT /2mm;. The first term on the right-hand sides of Eqs. (4)—(6) describes the
influence of nucleation, and the second term on the right-hand sides of Eqgs. (5) and (6)
describes condensation.
The rate of change of the number density of a gas phase species i is given by
dl’ll‘ b,A

— =Ri—Jiki —(Si—1
dt Jl (S >2V,‘

(7)

where R; is the net rate of production of the species by gas-phase chemical reactions,
calculated using standard chemical kinetics approaches, and the second and third terms on
the right-hand side describe the loss of the species by nucleation and condensation,
respectively. There are three species for which nucleation and condensation are possible:
Fe, FeO and FeO,. For the other three species (Ar, O and O,), only the first term on the
right-hand side of Eq. (7) is used. In practice, the concentration of FeO, is found to be so
low that its nucleation does not occur.

@ Springer



Plasma Chem Plasma Process (2017) 37:805-823 809

Physical Data for Condensed Species

The surface tension was assumed to follow a linear dependence:
do

o =09+ (T — TO)E (8)
To

Data for surface tension of both species were taken from Sanibondi [14], and are presented
in Table 1. The saturation number densities were calculated from the boiling temperature
and latent heat of vaporization using the ideal gas law

ng; = Pvapi/kT (9)

and the vapour pressure of species i, obtained using the Clausius—Clapeyron equation:

—Hyypi (1 1
Pvapi:PatmeXp|: del (?7ﬁ):| (10)
1

where Py, is atmospheric pressure, Hy,p,; is the molar heat of vaporization of species i, Tj ;
is the boiling temperature of species i at atmospheric pressure, and R is the ideal gas
constant. Values of T}, ; and H,,, ;, from [20] and [23], are given in Table 1.

Coupled Chemical Kinetic and Particle Growth Model

The set of coupled partial different equations used to determine the gas-phase composition
and the particle number density and size (Egs. (4)—-(6), and Eq. (7) for each species)
defines an initial-value problem. This was solved using the Radau IIA method of order 5, 9
and 13 [24, 25], which is a type of Runge—Kutta method. The code for the execution, step-
size adaption and variable order was taken from [25].

As gas-phase species nucleate and condense, the number of gaseous particles decreases,
which leads to a decreasing pressure. In reality, this does not occur, since the resulting
pressure gradient leads to replacement of the gas-phase molecules that are removed by the
surrounding gas. To address this problem, the condensed molecules are replaced by argon
to maintain the pressure at 1 atm. This is more realistic than the alternative of adding
argon, iron and oxygen in the ratio prior to the occurrence of nucleation for two reasons.
First, the alternative approach would add additional iron and oxygen to the system. Second,
nucleation and condensation will occur at approximately the same rate in adjacent regions
of the arc, so there will be no iron and oxygen available to replace the condensed species.

Arc Welding Model

We use a three-dimensional model of MIG/MAG welding in which the arc, wire electrode
and workpiece are included self-consistently. The model assumes local thermodynamic

Table 1 Property data for condensed species

Species 6o (mN m™) do/dT|; (mNm™' K™") T, (K) T, (K) H,,p (kJ mol™")

Fe 2029 —0.619 1808 3134 340
FeO 585 0.63 1700 3678 402
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equilibrium (LTE), and is based on that of Murphy [26] that was used to predict the
production of metal vapour in MIG welding of aluminium. The main change is that an iron
wire electrode and workpiece were used instead of aluminium, and it was assumed the
surface of the workpiece remains flat; i.e. deformation of the workpiece due to the transfer
of droplets from the wire electrode was neglected. Results were obtained for pure argon,
and argon—oxygen shielding gases; it was assumed that the argon and oxygen remain fully
mixed.

The vaporization of the wire electrode was calculated self-consistently, as described
previously [26], and the diffusion of the iron vapour and the shielding gas was calculated
using the combined diffusion coefficient method [27, 28]. Thermodynamic and transport
properties of the plasma were calculated following Murphy and Arundell [29] and Murphy
[30]. Net radiative emission coefficients for argon and oxygen were calculated using the
method of Cram [31], and those for iron vapour from the work of Menart and Malik [32],
with interpolation on a mole-fraction basis as recommended by Gleizes et al. [33].

The quench rate and iron vapour concentrations along streamlines were calculated from
the temperature, flow velocity and iron vapour distributions predicted by the model. The
metal vapour mole fraction from the arc model is only used until the commencement of
nucleation. Once nucleation starts, the iron concentration is then calculated from the
particle growth model. However, the temperature predicted by the arc model continues to
determine the quench rate throughout the growth of the particles.

Results
Calculations Using Constant Quench Rate

Initial calculations were performed to determine the dependence of the particle size and
number density on three important parameters: the iron vapour concentration, the oxygen-
to-argon ratio and the quench rate.

Figure la shows the changes in the gas composition for conditions typical of the edge
regions of a MAG welding arc: an iron vapour concentration of 20 mol%, a 5.26 mol%
oxygen-to-argon ratio, and a quench rate of —10” K s~'. The argon mole fraction is not
shown; it was initially 0.76 and subsequently increased. At high temperatures, the main
reactive species are Fe and O; as the gas cools, the FeO mole fraction increases. Very little
FeO, is formed. The mass fractions of the reactive species falls rapidly to zero once the
temperature falls below 2500 K as nucleation commences.

The supersaturation, nucleation rate and other parameters relevant to the particle for-
mation are shown in Fig. 1b. Despite its much lower mole fraction, the supersaturation of
FeO is much higher than that of Fe. This is a consequence of the much higher boiling
temperature of FeO, which means that its vapour pressure is lower at a given temperature;
this point is discussed in more detail below. The only species for which nucleation occurs
is FeO, which initially forms particles of diameter about 2 nm. Note that for temperatures
above 2650 K, the particle number density is very low, so the calculated particle diameter
is not important. The particles initially grow through condensation of FeO; condensation of
Fe commences when the temperature falls below 2500 K. All the Fe and FeO has con-
densed before the temperature reaches 2000 K. The composition of the particle is therefore
determined by the initial Fe:O ratio, which is in this case 5:1.
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Fig. 1 Gas composition and nucleation parameters for initial gas composition of 20 mol% Fe,
O,/Ar = 5.3 mol%, and quench rate —10” K s~'. a Gaseous species mole fractions; for clarity, argon is
not shown; its mole fraction is initially 0.76, and increases when nucleation occurs. Results obtained using
gas-phase chemical kinetics (thick lines) and a chemical equilibrium calculation (thin lines) are compared.
b Supersaturation S, nucleation rate J, number of condensed atoms n of Fe and FeO; mean particle diameter
d,, and particle number density N

The gas composition and particle parameters for a higher iron vapour concentration of
60 mol% are shown in Fig. 2a, b, respectively. In this case, because of the much higher Fe
mole fraction, supersaturation of Fe is only a little lower than that of FeO. This means that
nucleation of both species occurs. Nucleation of FeO becomes significant at a temperature
of around 2560 K, with the initial particle diameter of about 8 nm. The particles grow by
condensation of FeO, with nucleation and condensation of Fe becoming important at about
2500 K. At this point, there is a small decrease in average particle size before growth
recommences. The initial Fe:O ratio is 30:1, which as before determines the particle
composition.

Figures 1a and 2a also show comparisons of the gas composition calculated assuming
chemical equilibrium with the composition obtained using gas-phase chemical kinetics.
For an initial Fe mole fraction of 20% (Fig. 1a), the Fe and O mole fractions predicted
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using the chemical kinetic model are higher, and the FeO and O, mol fractions lower, than
obtained with the chemical equilibrium calculation; the FeO/Fe mole ratio is decreased by
10% just prior to the commencement of nucleation. This indicates that the finite rates of the
recombination reactions to form FeO and O, have a significant influence for these con-
ditions. For an initial Fe mole fraction of 60% (Fig. 2a), in contrast, there is no significant
difference between the two calculations. Note that once nucleation commences, the
chemical equilibrium calculations presented in Figs. la and 2a do not track the gas
composition. It is possible, however, to calculate the equilibrium composition taking into
account the iron and oxygen species removed by particle nucleation and growth [14]. The
rapid change in gas phase composition during this process means that the chemical
equilibrium composition is likely to deviate from that calculated using chemical kinetics.

These results indicate, for the quench rate considered here, gas-phase chemical kinetic
calculations give a lower FeO/Fe gas-phase mole ratio than in chemical equilibrium, for
low-to-moderate iron vapour concentrations. The importance of taking into account
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Fig. 2 As for Fig. 1, for initial gas composition of 60 mol% Fe, O,/Ar = 5.3 mol%. Results obtained using
gas-phase chemical kinetics (thick lines) and a chemical equilibrium calculation (thin lines) are compared in

(a)
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chemical kinetics will of course increase for higher quench rates. However, a complete
assessment of the importance of taking into account chemical kinetics would require a
direct comparison of the particle properties obtained when the gas-phase composition is
calculated using chemical kinetics, as done here, and when the composition is calculated
using chemical equilibrium, as was done by Sanibondi [14].

The dependence on the oxygen-to-argon ratio of the nucleation rate of Fe and FeO is
shown in Fig. 3 for initial iron vapour concentrations of 20 and 60 mol%. Only a small
amount of oxygen is necessary for the nucleation rate of FeO to exceed that of Fe. This is
because, as noted above, the higher boiling point of FeO means it has a lower vapour
pressure at a given temperature. The supersaturation is inversely proportional to the vapour
pressure (or, equivalently, the saturation number density), and the nucleation rate increases
rapidly with the supersaturation. Only for low oxygen-to-argon ratios is the ratio of the
number densities of Fe to FeO high enough for the Fe nucleation to dominate. As the iron
vapour concentration decreases, so does the threshold oxygen-to-argon ratio for which FeO
nucleation begins to dominate.

The influence of the presence of oxygen on the final number density and mean diameter
of particles is shown in Fig. 4. A larger number of smaller particles is generated once the
oxygen content is sufficient for FeO particles to be generated; for the case shown in the
figure (60 mol% Fe), this occurs for oxygen-to-argon ratios above about 2 mol%. This is
because the nucleation rate of FeO is much more rapid than that of Fe, as shown in Fig. 3.
The faster nucleation rate leads to a higher number of particles being produced, so fewer
gas molecules are available per particle for condensation.

The iron vapour concentration also affects the final particle mean diameter, as shown in
Fig. 5. As was shown in Fig. 3, lower oxygen-to-argon ratios are required for nucleation of
FeO, rather than Fe, to occur when the iron vapour concentration decreases. This means
that the rapid drop in particle size occurs for lower oxygen-to-argon ratios as the iron
vapour concentration decreases.

1020_

Fe (Iron vapour 20 mol%)
FeO (Iron vapour 20 mol%)
104 -~ - Fe (Iron vapour 60 mol%)
— — = FeO (Iron vapour 60 mol%)
F'll)
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>
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Fig. 3 Influence of the initial O,/Ar ratio on the peak nucleation rate of Fe and FeO for 20 and 60 mol% Fe,
quench rate —10” K s~
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For lower iron vapour concentrations, the particles are smaller for all oxygen-to-argon
ratios; this means they have a higher number density, since the number density varies
inversely with the particle size. Low iron vapour concentration decreases the particle size
through two mechanisms. First, supersaturation occurs at lower temperatures, leading to a
higher nucleation rate. Second, there are fewer Fe atoms or FeO molecules available for
condensation onto the particles that are formed.

Finally, we examine the influence of the quench rate on the particle formation. Figure 6
shows the dependence of the supersaturation of FeO on quench rate for the case of
60 mol% Fe and 5 mol% oxygen-to-argon ratio. As the quench rate is increased, nucle-
ation is delayed, allowing the supersaturation to reach a higher level. The means that
nucleation is more rapid when it finally occurs. As a consequence, the mean particle
diameter decreases as the quench rate increases, as shown in Fig. 7. As was shown in
Fig. 5, the particle diameter decreases for lower iron vapour concentrations.

Arc Calculations

The previous results were obtained using assumed initial iron vapour concentrations and
quench rates, with the quench rate maintained constant throughout the particle formation
and growth. In this subsection, we use iron vapour concentrations and quench rates
obtained from a three-dimensional model of arc welding. Three shielding gas compositions
are considered: pure argon, a mixture of argon and 1 mol% oxygen, and a mixture of argon
and 5 mol% oxygen. Results are presented for an arc current of 200 A and an iron elec-
trode of diameter 1.2 mm and fed at a rate of 100 mm s~'. For simplicity, a stationary arc
was modelled; this means the arc is axisymmetric for the cases considered here.

Figure 7 shows predicted iron vapour mass fraction and temperature distributions in a
vertical cross-section through the arc for the three shielding gas compositions. The highest
arc temperature occurs directly below the wire electrode for all cases. The inclusion of
5 mol% oxygen leads to a more constricted arc and a slightly higher maximum temperature
(15,200 K compared to 14,800 K for pure argon). This increase is similar to the 3.8%
increase in maximum temperature found by Jonsson et al. [34] for an arc current of 250 A,
and is a consequence of the small differences in the thermophysical properties of argon and
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Fig. 4 Dependence on the initial O,/Ar ratio of final particle number density and particle diameter for
60 mol% Fe, quench rate —10" K s7!

@ Springer



Plasma Chem Plasma Process (2017) 37:805-823

815
801 = = = Iron vapour 60 mol%
e —-—- Iron vapour 40 mol%
X Iron vapour 20 mol%
604 ! — Iron vapour 10 mol%
. 1
[}
IS
o by
2 [ TP
® 40 ! e i
IS 1y -
i 1
© .
2 ! e
o - ITrTmrTmrTr T T T T T e
T 20+
o
0_
T T T T 1 T T T T T T T 1
0 10 20 30 40

Oxygen to argon ratio (mol %)

Fig. 5 Comparison of dependence of final particle mean diameter on the initial O,/Ar ratio for different
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Fig. 6 Supersaturation as the temperature decreases for different quench rates with 5 mol% oxygen-to-
argon ratio and 60 mol% Fe

the argon—oxygen mixture [29, 34, 35]. The vaporization rate of the tip of the wire anode is
in all cases about 1% of the mass feed rate of the wire. The vaporization rate is slightly
higher for the 5 mol% oxygen case (8.16 mg s~ ') than for pure argon (8.10 mg s~ '), due
to a higher arc temperature near the electrode tip. The temperature near the arc axis is
decreased due to the high concentration of iron vapour, leading to a local temperature

minimum on axis, as found in other models of MIG/MAG arcs that include the influence of
iron vapour [36-38].
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Fig. 7 Dependence of final mean particle diameter on quench rate for 5 mol% oxygen-to-argon ratio

The particle formation model was coupled to the arc model using the iron vapour mole
fraction, the temperature and the flow velocity along streamlines. This provides the
dependence of iron vapour mass fraction on time and the quench rate. Figure 8¢ show
streamlines starting at the four positions, labelled A, B, C and D, which cover various
quench rates and iron vapour concentrations. Particle formation does not commence until
the streamlines approach the fringes of the arc, where the temperature falls below 3000 K.

Figure 9 shows the fume particle formation process for the streamline starting at
position A for the 5 mol% oxygen case. Nucleation commences when the temperature falls
below 2800 K. The iron vapour mole fraction at this stage is about 15 mol%, and the
quench rate is —7.7 x 10° K s~'. Initially, the mean particle diameter is 2 nm, which is
maintained for a short time. As the temperature decreases further, nucleation becomes
more rapid, and condensation soon leads to an increase in particle diameter until a final
mean diameter 17 nm is reached. Similar trends are observed for pure argon and the argon
with 1 mol% oxygen cases, although the mean particle diameter is significantly larger for
the pure argon case.

Since values of temperature, mass fraction and velocity are obtained at discrete mesh
points in the arc model, interpolation is required for their use as input data for the particle
formation model. The short time scale of particle nucleation and growth, and the relative
coarseness of the mesh required to obtain an acceptable convergence time in the arc model,
mean that the results are somewhat dependent on the location of the nucleation with
respect to the mesh points. For clarity, in comparing results for the three gas mixtures, we
therefore show results averaged over the four streamlines.

The final mean particle diameter and number density, averaged over the four stream-
lines, are compared for the three gas mixtures in Fig. 10. We find that particles of the
largest diameter and the smallest number density are formed in the case of pure argon. As
was found in the previous subsection, inclusion of oxygen in shielding gas leads to a higher
number density of smaller particles due to much faster nucleation of FeO. These results
confirm that the presence of oxygen plays an important role in the particle formation
process.

@ Springer



Plasma Chem Plasma Process (2017) 37:805-823 817

Fig. 8 Iron vapour mass fraction (a)
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Fig. 9 Evolution of the mean particle diameter and number density along the streamline A in Fig. 8c

Figure 10 further shows that the final mean particle diameter for the 5 mol% oxygen
case is slightly smaller than for the 1 mol% oxygen case. For the relatively small iron
vapour mole fractions that occur in the regions where particle formation occurs (10-20%),
the particle size is expected to be similar for 1 or 5% oxygen, as shown in Fig. 5. However,
the quench rate for the 1 mol% oxygen case is larger than that for the 5 mol% case, which
leads to the formation of a higher number density of smaller particles. In a MAG arc, it is
expected that a range of particle sizes will be formed, depending on the iron vapour mass
fraction and temperature distribution, as well as the oxygen-to-argon ratio, in the tem-
perature range for which nucleation and condensation occur.
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Fig. 10 Average values of the final particle diameter and number density for the selected streamlines for
the three different gas mixtures considered in Fig. 8
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Discussion

As noted in the introduction, the only other published model to consider the influence of
oxygen on fume formation was that of Sanibondi [14]. He presented results for a quench
rate of —3.5 x 10° K s’l, which is lower than we have considered. For the highest iron
vapour concentration he considered, 5 mol%, and an oxygen-to-argon ratio of 2 mol%, a
primary particle diameter of 60 nm was predicted. Figure 7 shows that the particle size
increases rapidly as the quench rate decreases, although the mean diameter for the lowest
quench rate we consider, —5 X 10° K s™7, is still significantly smaller than 60 nm for
lower iron vapour mole fractions. Sanibondi also considered the influence of oxygen-to-
argon ratio on the particle size, but only provided results for 0.7 mol% iron vapour con-
centration. In this case, the particle diameter decreased as the oxygen-to-argon ratio
increased from 102 t0 2 x 107> mol%, and then increased as the ratio increased further.
For the lowest ratio, Sanibondi found that Fe nucleated, while for the higher ratios, only
FeO nucleated. His results therefore show the same qualitative trend as ours—when the
oxygen concentration is very low, only Fe nucleates, and the particle size is larger than that
predicted for higher oxygen concentrations, for which FeO nucleates.

In our model, the composition of the final fume particles is determined by the iron-
vapour-to-oxygen ratio at the start of the particle growth process. If there are more iron
vapour atoms than oxygen atoms present, then the particles will be a mixture of Fe and
FeO, since the excess iron atoms will condense on the FeO nanoparticles that are nucle-
ated. If the iron vapour to oxygen ratio is very high, then Fe nanoparticles will also
nucleate. If there is excess oxygen present, then the particles will be essentially pure FeO,
since only FeO nanoparticle will nucleate, and since condensation of FeO will dominate
over that of Fe.

We note that in reality, the nanoparticles that are formed will be subject to further
oxidation in the presence of excess oxygen. Sanibondi [14] considered the subsequent
oxidation of the Fe and FeO nanoparticles that were formed, and found that for high
concentrations of oxygen, Fe,O5; and Fe;0, particles were formed. This is in accordance
with measurements of fume formation in welding arcs [14], and also experiments on iron
and iron oxide nanoparticle formation in other thermal plasma systems (see [9] and ref-
erences therein).

Our model allows us to predict the mean particle size of the primary nanoparticles
produced during the fume formation process. The primary particles typically agglomerate
to form chains or networks of particles, up to several micrometres long [15]. Prediction of
the formation of such chains requires calculation of trajectories and collisions of the
primary particles in a two- or three-dimensional model. Tashiro et al. [12, 15] have
performed such calculations in two dimensions, finding that factors including the tem-
perature of the particles, the Brownian motion of the particles as they interact with gas
molecules, the charging of the particles, and the increased electron density in the arc
fringes due to deviations from local thermodynamic equilibrium are all important in
determining the final morphology of the particle chains. Other models of fume formation
have considered coagulation of primary nanoparticles, but have assumed that the coagu-
lated particles are spherical; this assumption is generally invalid. Only if nucleation occurs
in the very high iron vapour pressure region close to the wire electrode (such as may
happen if there is unstable motion of the arc, as occurs with CO, shielding gas) do the
nucleated particles interact while they are at sufficiently high temperature to coalesce to
form spherical particles.
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In our arc model, we have assumed that the oxygen-to-argon ratio is uniform throughout
the arc. In reality, some demixing will occur. Results presented for an argon—oxygen arc
without the presence of iron vapour indicate that demixing leads to an increase in the
oxygen concentration in regions at temperatures below about 3500 K, which is the dis-
sociation temperature of oxygen molecules [39]. Since this is the temperature range for
which nucleation and particle growth occurs, demixing is expected to have an influence on
the fume formation process. We plan to investigate this in future work, using a recently-
developed method of applying combined diffusion coefficients to mixtures of three gases
[40].

Our coupled chemical kinetic and particle formation model is zero-dimensional, which
means that it neglects diffusive and convective transport of species from the surrounding
gas. As was noted previously, we maintain a constant pressure in our calculations by
replacing nucleated and condensed Fe atoms and FeO molecules by argon atoms. In
practice, some gas-phase iron and oxygen species will be transported, together with argon,
into the region in which nucleation and condensation are taking place. To treat such a
process accurately requires a two- or three-dimensional model that couples the particle
formation to the arc processes. The two-dimensional model of Boselli et al. [13] is the only
published example of such a model applied to fume formation. Another effect that has not
been considered is Brownian diffusion of the nanoparticles, which could lead to particles
deviating from streamlines; this would be difficult to resolve with the computational
meshes that are typically used in arc models.

A further question to be considered is the mixing of the surrounding air into the
shielding gas. In the case of MIG welding, there is no oxygen in the shielding gas, but the
surrounding air may reach the nucleation zone if shielding is not complete. Our results
indicate that the fume particle properties in MIG welding will be very sensitive to any such
mixing of air into the nucleation region. To treat such mixing would require consideration
of three separate gases, argon, iron vapour and ambient air, in the model; this should be
possible using the extension of combined diffusion coefficients to mixtures of three gases
[40], but such a model has not yet been developed [41].

Nucleation of fume particles is predicted to occur at temperatures well below 3000 K,
for which the charged-species densities are negligible under the assumption of LTE.
However, there are likely to be significant deviations from LTE in the arc fringes, due
mainly to diffusion of charged species under the influence of the strong gradients [42],
leading to non-negligible charged-species densities. As noted above, Tashiro et al. [12]
investigated the influence of particle charging on nucleation. Another effect that may be
significant is ion-induced nucleation, which provides an additional nucleation mechanism
[43, 44]. This has been considered by Vishnyakov et al. [16] in their calculation of fume
formation in shielded metal arc welding, as was noted in the Introduction.

A complete model of fume formation in MIG/MAG welding therefore requires several
additional features to be included, such as demixing of the argon—oxygen mixture, mixing
of the surrounding air into the shielding gas, deviations from LTE, full coupling of particle-
formation and arc processes, additional oxidation of the particles that are produced, and a
calculation of the morphology of the secondary particles produced by coagulation of the
primary particles. We have shown that it is important to consider the gas-phase chemical
kinetics. Development of a model with all these features is a demanding task, but most of
the individual components have been considered in the works discussed in this section, and
the model presented in this paper.
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Conclusions

We have presented predictions of fume particle nucleation and growth using a model that
couples chemical kinetics, particle nucleation and particle growth by condensation. The
model allows the size, composition and number density of the particles to be predicted. We
have found that consideration of chemical kinetics can give significantly different gas-
phase compositions from those calculated using chemical equilibrium, particularly for high
quench rates and moderate to low iron vapour concentrations. However, to fully understand
the effect of chemical kinetics on fume formation, further work is required to compare the
influence on fume particle nucleation and growth of chemical equilibrium gas-phase
compositions with compositions calculated using chemical kinetics.

As well as giving results for constant quench rates, we have also presented results
calculated using parameters obtained from a three-dimensional MIG/MAG arc model.

We have shown that the presence of oxygen has a very significant influence on the size,
composition and number density of fume particles formed in MIG/MAG welding.
Specifically, when sufficient oxygen is present for FeO, rather than Fe, to be nucleated, the
particle size is much smaller, and the number density of particles is correspondingly larger.
The amount of oxygen required for FeO nucleation to be more rapid than Fe nucleation
depends on the concentration of iron vapour, but is relatively small; for example an
oxygen-to-argon ratio of only 0.04 mol% is required for FeO nucleation to dominate for an
iron vapour mole fraction of 20%. It is possible for both FeO and Fe nucleation to occur,
but for conditions typical of MAG welding (oxygen-to-argon ratios of 1% or higher, and
iron vapour mole fraction of 10-20% in the regions of temperatures below 3000 K where
nucleation takes place), only FeO will nucleate. The particles grow by condensation of
both Fe and FeO, and the final composition depends on the relative amounts of iron vapour
and oxygen present in the gas.

Calculations of particle formation and growth along streamlines in MIG and MAG arcs
have confirmed the importance of oxygen in determining the particle size and number
density. However, a complete model of fume formation in welding arcs requires the
inclusion of many additional factors, such as full coupling of fume formation and arc
processes, coagulation into chains of the primary particles formed by nucleation and
condensation, and subsequent oxidation of the particles that are formed. All these factors
have been considered separately in previous work, but combining them into a single model
is highly challenging.
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