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Abstract

In order to clarify fume formation process in GMA welding, quantitative investigation based on understanding of interaction
between the electrode, the arc, and the weld pool is indispensable. This study aims to clarify the fume formation process
theoretically through numerical analysis. A fume formation model consisting of a homogeneous nucleation model, a heteroge-
neous condensation model, and a coagulation model was coupled with a GMA welding model. A series of processes such as
evaporation of metal vapor from molten metal, transport of the metal vapor in the arc, fume formation from the metal vapor, and
transport of the fume to the surrounding was investigated by employing this coupled simulation model. In this paper, the
influence on the fume formation process of changing the shielding gas from Ar to CO, and the associated change in arc
characteristics, leading to different droplet formation and metal transfer phenomena, is discussed. As a result, it was clarified
that the fume particles produced around the droplet were transported into the arc to be evaporated again and a large number of fine
fume particles were produced in the downstream region of the plasma flow near the base metal in Ar GMA welding. In contrast,
approximately 30% of all fume particles produced around the droplet were transported directly to the surrounding and the other
particles were transported into the arc to be evaporated to produce fume particles in the downstream region in CO, arc welding.
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1 Introduction

In arc welding, high-temperature metal vapor is generated by
evaporation of molten metal; depending on the type of arc
welding, this can include the molten tip of the welding wire,
the droplets, and the weld pool [1, 2]. The metal vapor is
cooled rapidly as it diffuses to the fringes of the arc. Metal
nanoparticles, with sizes in the range 1-100 nm, are formed
through nucleation from the metal vapor and grow through
condensation of metal vapor; we call these the primary parti-
cles. Some of these particles collide and produce secondary
particles, with sizes up to over 1 um. The particles have the
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appearance of smoke, which ascends from the arc and is
known as welding fume.

Inhalation of welding fume is a significant occupational
health problem. The size of the fume particles gives them a
high probability of deposition in parts of the lungs where rapid
clearance mechanisms are not effective. Further, certain
metals, such as chromium (particularly hexavalent chromium)
and nickel, are of particular concern when inhaled [3].

Most papers on welding fume are concerned with the
chemical composition and generation rate of the fume for
consumable electrode welding methods, such as gas metal
arc (GMA) and shielded metal arc (SMA) welding, because
of their widespread use in manufacturing industries. For ex-
ample, Kobayashi et al. observed fume generation in SMA
welding by employing a high-speed video camera. It was
qualitatively explained that metal vapor was produced in the
lower part of the arc column and generated fume due to rapid
cooling, together with condensation and oxidation. They also
showed that the amount of metal vapor produced from the
droplet was greater than that from the weld pool [4]. Jenkins
et al. measured the chemical composition of fume in SMA and
GMA welding by energy-dispersive spectroscopy (EDS) [5].
Bosworth and Deam discussed the influence of droplet size on
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the fume generation rate in GMA welding [6]. Until quite
recently, the research on welding fume was almost exclusively
confined to experimental observations, sometimes combined
with engineering calculations (e.g., [7]).

There has been little theoretical research directed to-
wards clarifying the mechanism of fume formation; this
requires a quantitative investigation, taking into account
of the interactions between the electrode, the arc, and the
weld pool. In the cases of GMA and SMA welding, this is a
particularly complex problem because of the formation of
metal droplets from the electrode and their transfer to the
weld pool; as a consequence, the interactions are not fully
understood.

Recently, Tashiro et al. investigated the full set of process-
es, from evaporation of metal vapor to fume formation from
the metal vapor to predict size and shape of fume particles, by
employing two-dimensional GTA and GMA simulation
models coupled to a fume formation model which consisted
of a homogeneous nucleation model, a condensation model,
and a particle coagulation model [8]. The fume formation
processes were modeled along several flow pathlines in one-
dimensional approach. This allowed the fume formation pro-
cess to be visualized, and the mechanisms to be theoretically
clarified, through numerical analysis. Subsequently, Tashiro et
al. also studied the influence of particle charging on the fume
formation process considering non-LTE effects by improving
the above model and found that particle charging largely af-
fected particle size especially under the non-LTE conditions
[9]. Boselli et al. simulated the fume formation process in
pulsed GMA welding taking into account the metal transport
and metal vapor formation in a self-consistent approach using
the volume of fluid (VOF) method and modeling fume parti-
cle production using the method of moments (MoM) for the
solution of the aerosol general dynamic equation (GDE) [10].
This study allowed one to investigate the fume formation
mechanisms in different phases of the current pulse and to
track the mass transport of fumes.

Although pure inert shielding gas was used for simplicity
in the above simulation studies, in practice, oxygen or carbon
dioxide is often mixed with the shielding gas like metal active
gas (MAG) welding or CO, arc welding for reducing produc-
tion cost or stabilizing the arc. The concentration of such ad-
ditional elements in the gas is considered to significantly affect
fume formation processes through not only oxidation of the
metal vapor and fume particles but also change in arc charac-
teristics leading to different droplet formation and metal trans-
fer phenomena. Sanibondi [11] and also Hunkwan et al. [12]
investigated influence of oxidation reactions of Fe on the fume
formation process by coupling a fume formation model with a
chemical reaction model. They found that FeO particles were
preferentially produced in the mixture including oxygen, and
the diameter of particles also significantly changed depending
on the concentration of oxygen. However, in their study, a
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one-way coupling method was used for simplicity to give
information such as the vapor pressure calculated in the arc
model to the fume formation model as input values. Therefore,
for example, time variation in the arc and also consumption of
the metal vapor by the fume formation, which affects the cur-
rent path in the arc, were not taken into account. According to
the above limitation, influence of change in the arc character-
istics leading to different droplet formation and metal transfer
phenomena by mixing additional elements into the gas on the
fume formation process is not yet clarified.

We have developed a two-way coupled model consisting of
a fume formation model and a GMA welding model taking
into account the metal transfer process similar to Boselli’s
model [10]. With these, we aim to investigate the influence
on the fume formation process of the change in arc character-
istics leading to different droplet formation and metal transfer
phenomena when replacing Ar shielding gas by CO,.

2 Simulation model

Figure 1 shows an axially symmetric two-dimensional simu-
lation domain (z, ) with a radius of 15 mm and a height of
15 mm consisting of an arc region and a wire region. In CO,
arc welding, the droplet formation is known to tend to be
axially asymmetric leading to repelled transfer especially in
the high current range. However, axially symmetric droplet
formation is assumed in the present model for simplicity.
Regions for a contact tip, a shielding gas inlet, and a nozzle
are defined on the top boundary. The outer diameter of the
contact tip and the inner diameter of the shielding gas inlet are
2.4 mm and 14 mm, respectively. On the axis, the wire region
with a diameter of 1.2 mm and an initial extension of 10 mm
corresponding to an arc length of 5 mm is defined. The side
boundary is a pressure outlet. The bottom boundary corre-
sponds to the surface of the base metal. The region inside
the base metal is not calculated. Non-uniform mesh is used;
the maximum and minimum sizes are 0.2 mm and 0.05 mm,
respectively. The wire feed speed is 5 m/min. The shielding
gas is introduced from the top boundary at a flow rate of 10 L/
min. A direct current of 280 A is given at the top boundary.
The bottom boundary is set to be 0 V.

Table 1 summarizes simulation conditions. The fume for-
mation processes in argon and CO, shielding gases are inves-
tigated. In order to strictly model CO, arc welding, it is nec-
essary to consider the chemical reaction in the gas and on the
droplet surface. As a result of this chemical reaction, the sur-
face tension of the droplet, gas species evaporated from the
droplet, and gas species forming fume are also considered to
be affected. However, this chemical reaction process is known
to be very complicated and has not yet been fully elucidated,
so modeling considering all the above factors is difficult at this
time. Therefore, in the present study, the model is greatly
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Fig. 1 Schematic diagram of simulation domain

simplified and the investigation is carried out as a virtual ex-
periment ignoring the complicated chemical reaction process
and simply taking into account difference in thermodynamic
and transport properties between two kinds of gases. In CO,
arc welding, the gas species evaporated from the molten metal
surface are considered to consist mainly of a large amount of
Fe and a small amount of FeO, in ratios depending on the
surface condition. Thereafter, a part of the Fe is thought to
become FeO through the chemical reaction in the gas.
Finally, both of Fe and FeO are expected to contribute to the
fume formation. In this model, Fe or FeO is assumed to be a
gas specie evaporated from the molten metal surface as both
extreme cases. The evaporation flux is calculated according to
Hertz—Knudsen—Langmuir equation. Similarly, a gas species
forming fume through the nucleation and the condensation is
also assumed to be Fe or FeO as both extreme cases. In

Table 1  Simulation conditions
Conditions
1 2 3 4
Wire composition Fe
Wire dimeter (mm) 1.2
Wire feed speed (min) 5
Current (A) DC280
Gas flow rate (L/min) 10
Shielding gas Ar  CO,
Gas species evaporated from molten metal Fe Fe  Fe FeO
Gas species forming fume Fe Fe FeO FeO

Mesh

condition 3, Fe evaporated from the molten metal surface is
assumed to be oxidized in the arc to form FeO.

Distributions of flow velocity, temperature, metal vapor
concentration, and current density are obtained by solving
time-dependent conservation equations of mass, momen-
tum, energy, mass of metal vapor, and current expressed
as follows. The magnetic field is obtained from calculation
of vector potential. The plasma is assumed to satisfy the
LTE condition. The thermodynamic and transport proper-
ties of the arc under the LTE condition are calculated as
functions of temperature and metal vapor concentration
[13]. For simplicity, only Fe is assumed as the metal vapor
composition to calculate the above properties, even when
FeO is evaporated from the metal surface, for simplicity.
The surface tension coefficient of the molten metal of the
wire is set to be 1.2 N/m without depending on the shielding
gas composition. This assumption is considered to be inev-
itable for the present calculation which does not take into
account the surface oxidation process, because the direction
and magnitude of the Marangoni force change in a compli-
cated manner depending on the degree of surface oxidation.
The thermodynamic and transport properties of mild steel
are used for the wire [14, 15]. VOF method is used for
tracking the free surface. The thermodynamic and transport
properties at the droplet-plasma boundary are obtained by
weighting based on the volume fraction of the metal phase.
ANSYS Fluent 18.1 is used for the calculation.

Mass conservation:

op

at+V-<p7) =0 (1)
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Momentum conservation:
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Energy conservation:
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Mass conservation of metal vapor:

opY
% + V. (pY?) = V(pDVY) + Mevapmetal (4)

+M evapfume +M fume

Current conservation:

VoVd =0 (5)
Ohm’s law:
T =-oVd=0F (6)

Vector potential:

VA =y ] (7)
Magnetic field:

— —

B=VxA (8)

where p is the mass density,  is the velocity, p is the pres-

=. . . e
sure, 7 is the viscus stress tensor, ? is the gravity, j is the
I . - .
current density, B is the magnetic field, F' is a source term

. =
for surface tension force, F gy is a source term to express the
behavior of the solid region, # is the enthalpy, & is the thermal

conductivity, 7 is the temperature, F is the electric field, O, is
a source term for arc radiation, Q, is a source term for electron
condensation, surface radiation, and latent heat of vaporiza-
tion on the wire surface, Y'is the mass fraction of metal vapor,
D is the diffusion coefficient of metal vapor, Mcvapmetal 1S @
source term for evaporation of metal calculated simply by
Hertz—Knudsen—-Langmuir equation, Mcyapfume 1S @ source
term for evaporation of fume, My, is a source term for nu-

cleation and condensation, 9 is the electric potential, and X is
the vector potential.

Figure 2 shows saturation vapor pressure used for calculat-
ing Hertz—Knudsen—Langmuir equation. The saturation vapor
pressure of FeO is seen to be approximately 10 times larger
than that of Fe to lead to larger evaporation rate.

Table 2 summarizes boundary conditions, where ;. and
Ug,s are velocities corresponding to the wire feed speed and the
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Fig. 2 Comparison of saturation vapor pressure between Fe and FeO

shielding gas flow rate. In order to consider evaporation of the
metal vapor also from the weld pool surface, the temperature
on the base metal is assumed to be 1800 K for » <=5 mm and
300 K for 7> 5 mm [16]. Py, is an atmospheric pressure. jgiven
is the current density corresponding the input current.

The fume formation model considers the homogeneous
nucleation, the heterogeneous condensation, and the coagula-
tion. In this study, MoM equations expressed as follows are
employed for reducing calculation cost. In this model, it is
assumed that the fume is spherical, the temperature of the
fume is the same as the plasma, and the fume size follows
unimodal lognormal distribution. The detail of this model is
described in the literatures [10, 17-19].

My = Iooovﬁn (vp)dv, 9)
oM .
Fk—ﬁ— V. (Mkﬂ)) = V-(DkVMk) -+ [Mk]nucl
+ [Mk] cond + [Mk] coagi [Mk] evap (10)
(k=0,1,2)
1 MoM
2 04vL2
In Ug:§ln< M ) (11)
M?
My = Movkexp(4.5k7In o) (13)

where M, is the kth moment, v, is the particle volume, 7 is the
particle size distribution function, Dy is the diffusion coeffi-
cient for kth moment [19], [M] is the net production rates due
to nucleation, condensation, coagulation, and evaporation, o,
is the geometric standard deviation, and v, is the geometric
mean volume. The fume formation rate (metal vapor con-
sumption rate), the fume mass density (product of the first
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Table2 Boundary conditions
Boundary Mass and momentum Mass fraction of metal vapor Energy Electric potential Magnetic potential
Wire inlet U = Uwire oY/on=0 300 K —00B/ON = jigiyen OAilon =0
Contacttip w0 =0 oYion=0 300 K ob/on=0 OAilon=0
Gas inlet U = U gs y=0 300 K oD/on =0 OAilon =0
Nozzle w =0 oYlon=0 300 K ablon=0 QAilon=0
Gas outlet P=Pyn y=0 300 K oPlon=0 Ai=0
Base metal w=0 0Y/on=0 1800 K (r<=5 mm) 300 K d=0 OAi/on=0
(r>5 mm)
Axis ou/on=0 oY/on=0 oT/on=0 0P/on=0 OAilon =0

moment and mass density of metal), and fume diameter (vol-
ume mean diameter) are calculated.

3 Results and discussion

Firstly, the fume formation process in Ar GMA welding is
discussed. The calculated arc voltages in Ar GMA welding
were approximately 25 V. Figures 3, 4, 5, and 6 show distri-
butions of temperature, mole fraction of metal vapor, fume
formation rate, and fume mass density at five moments (1=
0,4, 6, 8, and 10 ms) in condition 1. The arc temperature in the
Ar plasma reached approximately 12,000 K at the maximum.
Conversely, the arc temperature in dense metal vapor plasma
around the axis decreased to around 7000 K. Both

(b) t=4ms

5000

temperatures agree well with the result of the spectroscopic
measurement [20]. The droplet temperature was raised to ap-
proximately 2500 K on average and maximally 2800 K on the
surface due to the heating by the electron condensation and the
thermal conduction from the arc plasma. Consequently, large
amount of metal vapor was evaporated from the droplet sur-
face, and most of the metal vapor was transported to the base
metal by the plasma jet. Afterward, the metal vapor
transported radially outward to the low temperature arc plas-
ma around 2000 K in the downstream region of the plasma jet
produced fume through the nucleation. Then, the fume, which
grew due to the condensation and coagulation, was
transported to the surrounding by convection and diffusion.
The droplet was detached from the wire tip immediately after
t=4 ms and then transferred to the base metal. It was seen that

(d) t=8ms (e) t=10ms

10000 15000

Temperature [K]

Fig. 3 Distributions of temperature in condition 1

Fig. 4 Distributions of mole fraction of metal vapor in condition 1

0.5
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106

10

104 103

Fume mass density [mg/mm?3]

Fig. 6 Distributions of fume mass density in condition 1

a very thin neck was formed between the droplet and the wire
around #=4 ms and the fume formation rate highly increased
around the neck. As a result, it was clarified that the fume was
formed also in the upstream region of the plasma jet near the
droplet as well as in the downstream region near the base
metal. However, most of the former was transported into the
arc and evaporated and returned to the metal vapor again.
Secondly, the fume formation process in CO, arc welding
is discussed. The calculated arc voltages in CO, arc welding
were approximately 35 V. Figures 7, 8, 9, and 10 show distri-
butions of temperature, mole fraction of metal vapor, fume
formation rate, and fume mass density at five moments (¢ =
0, 4, 6, 8, and 10 ms) in condition 4. It is well-known that the
arc is strongly constricted under the droplet due to large

(JREZ

300

5000

specific heat in CO, arc welding [21]. The size of the droplet
became significantly larger than that of Ar GMA welding,
because the droplet was lifted up due to the higher arc pressure
caused by the constriction of the arc. Although metal vapor
was evaporated from the entire surface of the droplet, metal
vapor outside the arc root was consumed immediately after
evaporation to produce a large amount of the fume due to
rapid cooling by the surrounding low temperature gas. A part
of the fume around the droplet was directly transported to the
surrounding without being evaporated again in the arc.
Figure 11 shows a comparison of distributions of fume
diameter in condition 1~4 at =10 ms. Table 3 shows sum-
mary of the simulation results at #=10 ms. Although this
investigation was carried out as a virtual experiment under

(c) t=bms (d) t=8ms (e) t=10ms

10000 15000

Temperature [K]

Fig. 7 Distributions of temperature in condition 4
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Table 3 Summary of simulation
results

Conditions

1 2 3 4
Shielding gas Ar CO,
Gas species evaporated from droplet Fe Fe Fe FeO
Gas species forming fume Fe Fe FeO FeO
Fume formation rate (FFR) (mg/s) 13.1 12.5 12.4 232
Ratio of fume transported directly from droplet to surrounding (%) - 29.7 254 26.5
Fume diameter (near droplet) (nm) — 160.2 45.4 48.8
Fume diameter (downstream) (nm) 45.5 39.5 18.3 28.5

the strong assumptions, a quantitative comparison for each
condition taking into account its variation range is thought
to be valid, because this range roughly covers possible lowest
and highest values. In Ar GMA welding, the fume produced
around the neck immediately before the detachment of the
droplet was evaporated again in the arc. Then, this vapor
was transported to the downstream region of the plasma jet
and produced fume with an averaged seize of 45.5 nm there.
In CO, arc welding, the diameter of the fume produced around
the droplet exceeded 100 nm maximally because of the large
quenching rate of the arc. In contrast, the size of the fume
produced in the downstream region of the plasma jet was only
approximately 20~40 nm on average. When FeO was as-
sumed as a gas species forming the fume, the fume diameter
became smaller than that of Fe, because the number of parti-
cles produced by the nucleation increased mainly due to a
lower surface tension. When FeO was assumed as gas species
evaporated from molten metal, the fume formation rate and
the diameter of the fume increased because of an increase in
the evaporation rate. Furthermore, approximately 30% of all
fume particles produced around the droplet were transported
directly to the surroundings, and the other particles were
transported into the arc to be evaporated to produce fume
particles in the downstream region in CO, arc welding. This
tendency agreed well with appearance of the fume observed in
the experiment shown in Fig. 12.

L‘-‘

Fig. 12 Appearance of fume in CO, arc welding
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The total fume formation rate integrated in the entire region
was around 10~20 mg/s, which was slightly larger than ex-
perimental results: for example, maximally 2.8 mg/s in Ar+
2%CO, measured by Pires et al. [22] or 13.3 mg/s in Ar+
38%He+2%CO, measured by loffe et al. [23]. This overesti-
mation is considered to be mainly caused by the excessive arc
current against the wire feed speed compared to that of an
actual welding condition. However, the discussions in the
above comparative study are thought to be still valid, although
these points should be modified in future for improving the
accuracy of the model. The degree of the oxidation on the
droplet surface was suggested to be linked to the fume forma-
tion rate in CO, arc welding. Considering the above, further
studies are planned to investigate the influence of the degree
of oxidation on the droplet surface on the fume formation
process as well as the fume formation rate taking the oxidation
process on the droplet surface into account in the model.
Furthermore, it is also necessary to be investigated the influ-
ence of the occurrence of short circuiting transfer on the fume
formation process in the case of CO, arc welding.

4 Conclusions

A fume formation model consisting of a homogeneous nucle-
ation model, a heterogeneous condensation model, and a co-
agulation model was coupled with a GMA welding model.
This model allowed us to investigate a series of processes such
as evaporation of metal vapor from the molten metal, transport
of the metal vapor in the arc, fume formation from the metal
vapor, and transport of the fume to the surroundings. The
influence on the fume formation process of the change in arc
characteristics leading to different droplet formation and metal
transfer phenomena when replacing Ar shielding gas by CO,
was investigated using this model. As a result, it was clarified
that the fume particles produced around the droplet were
transported into the arc to be evaporated again and a large
number of fine fume particles were produced in the down-
stream region of the plasma flow near the base metal in Ar
GMA welding. In contrast, approximately 30% of all fume
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particles produced around the droplet were transported direct-
ly to the surrounding, and the other particles were transported
into the arc to be evaporated to produce fume particles in the
downstream region in CO, arc welding.
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