
Fume formation from spatter oxidation during
arc welding
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Spatter and fume formation rates during arc welding both increase and decrease in a similar

manner as welding parameters change. Previously, this fume–spatter relationship has been

attributed to evaporation of the spatter caused by oxidation. In this work, a simulated spatter

oxidation test did not detect significant fume formation, but high speed videography showed fume

trails behind large spatter droplets. Heat balance calculations show that only spatter droplets

larger than a few millimeters evaporate and produce fume in significant amounts. Since most

spatter particles are smaller than 2 mm, it is not likely that evaporation from spatter contributes

significantly to fume. It is proposed that the correlation between spatter and welding fume is

instead related to how the temperature of the welding surface affects formation rates of both

spatter and fume.
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Introduction
In high temperature metallurgical processing, fume and
spatter are often encountered. Fume is the aggregate
term given to submicrometre particles that condense
from vapour created from intensely heated metal. Fume
particles are small enough to remain airborne and can be
inhaled, thus causing environmental and health con-
cerns. Spatter particles are droplets that form from
disturbed liquid surfaces, but are generally too large to
remain airborne.

In arc welding, there seems to be a relationship
between welding fume formation rates and spatter
formation rates. Both spatter and fume formation rates
increase and decrease in a similar way as welding
parameters change.1

Although the cause for, and the amount of, spatter
ejection may differ between the various arc welding
processes (for example, gas metal arc welding (GMAW)
utilises a consumable electrode from which spatter
droplets can violently detach, whereas gas tungsten arc
welding (GTAW) does not), welding spatter itself, which
is nothing more than liquid metal droplets, is essentially
the same regardless of welding process. If the welding
process uses flux or slag, that material may also
contribute to spatter, in addition to that formed from
the weld metal. Therefore, it should be stated that most
of the observations in this article are made with regard
to steel GMAW, although the general principles apply
to other flux-less arc welding processes.

Some researchers proposed that some spatter, named
‘sputter’ or ‘microspatter’, might be small enough to
remain in the air. Although not technically fume,
microspatter would be hard to differentiate from
condensation-formed particles because of its size.
Therefore, it would contribute to the overall amount
of respirable particulate, thus increasing the amount of
welding ‘fume’ collected.2–4 However, Zimmer et al.5

measured the concentration of respirable (in the size
range of 1–20 mm) particles formed during welding and
concluded that microspatter formation does not sig-
nificantly contribute to fume formation rates.

Other researchers attributed the fume–spatter rela-
tionship to spatter oxidation.1,6,7 They hypothesised that
the greater fume formation rate observed during
globular welding conditions is caused by vapour formed
from combusting spatter droplets. This was concluded
after finding spatter particles that were porous and
apparently oxidised. In addition, they found that
shielding a greater area around the arc (and therefore
protecting spatter longer while it is hot) reduced fuming.
This theory would explain why GMAW in globular
mode creates both more fume and more spatter than
when using spray mode. It also explains why welding
fume formed under globular conditions contains a
greater fraction of the less volatile metals. Thus, fume
formed from spatter oxidation may also affect welding
fume chemistry.

Plasma spray researchers have extensively studied the
volatilisation of metal particles or droplets that pass
through an intense heat source.8 A model for welding
spatter oxidation would differ from those for the
volatilisation of plasma spray particles, first because
spatter droplets start out at much higher temperatures
than those of the cold powder feed of plasma spray, and
second because the focus is on evaporation after leaving
the arc plasma, not while in it. However, it has been
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found that approximately 20% of the micrometre-
sized powder can evaporate and form fume while
being passed through the plasma,9 so the concept
that welding spatter can create substantial amounts
of fume does seem plausible. This hypothesis is tested
with experimental observations and with mathematical
calculations.

Experimental results
In order to simulate spatter oxidation and to measure
the amount of fume thereby generated, a laboratory arc
melter (Fig. 1) was used at 200 A to melt a small amount
of stainless steel GMAW wire (American Welding
Society (AWS) Designation: ER308), equivalent to the
mass of a large (y10 mm) spatter particle. This metal
had been previously melted into a spherical bead.
(Although this tungsten electrode arc melter is essen-
tially an adaptation of the GTAW process, it was only
used to heat the simulated spatter droplet, not to
simulate GTAW. Any intense heat source would have
sufficed, as long as it could have heated the metal
beyond its melting point.) During heating, pure argon
was blown through the melter chamber to prevent a
build-up of fume in the chamber. Once the droplet was
sufficiently molten, the argon purge was stopped and the
arc was extinguished, simulating how a spatter droplet
flies out of the hot arc zone during welding. Within a
second after the arc was extinguished, pure oxygen was
blown through the chamber for at least a minute to
imitate the exit of a spatter droplet from the protection
of the inert shielding gas. For that time, this gas was
pulled through a polyvinyl chloride membrane filter,
which collected any fume formed after the arc heating
had ceased. This test was repeated five times from start
to finish, but no fume was detected. (The detection limit
was 0.05 mg.) The experiment was also repeated three
times with room air instead of pure oxygen, and 0.8 mg
of fume was collected on average.

High speed videography of CO2-shielded gas metal arc
welding with mild steel wire (AWS Designation ER70S-3)

showed that some large spatter particles created vapour
trails as they left the hot welding zone (Fig. 2). (Because
vapour cannot be seen, this optical effect is actually created
by airborne fume particles, just as the steam seen over a
boiling pot of water is not water vapour, but rather
condensed water droplets that refract visible light.)

Discussion
If spatter oxidation significantly creates fume, then an
increase in spatter rate should correlate with an increase
in fume formation rate. For GMAW with mild
and stainless steel wire of 1.2 mm diameter, the
literature2,10–16 reports that fume formation rates can
increase from approximately 0.05 g min21 to approxi-
mately 0.7 g min21 when welding parameters are varied
such as to cause the droplet transfer mode to change
from spray to globular. There are fewer data regarding
spatter rates, but it has been reported that the spatter
rate for GMAW (using 1.2 mm wire with a variety of
shielding gases at 200 A and 30 V) can vary from
0.3 g min21 to 3.7 g min21.17

If approximately 10% of spatter formed vapour,
which then condensed and oxidised (which would add
approximately 50% to the resulting mass), an increase of
3.4 g min21 in spatter could create an additional
0.5 g min21 of fume. Such an amount would signifi-
cantly increase fume formation rate.

A heat balance analysis was performed to estimate the
upper bound to the evaporation rate from spatter
oxidation to determine the fraction of spatter than can
vaporise and contribute to fume.

The temperature T of a liquid spatter droplet is
controlled by heat losses by convection, radiation and
evaporation and by heat evolved from oxidation, as
shown in equation (1)

VCp

VA

dT

dt
~QconvectionzQradiationz

QevaporationzQoxidation (1)

1 Arc melter
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where: Q is heat (W m22); V is the volume of the
droplet, pd3/6; A is the area of the droplet, pd2; d is the
diameter of the spatter droplet (m); V is the molar
volume, y0.008 m3 mol21; Cp is the heat capacity,
y40 J mol21 K21; and t is time (s).

Using values explained below, Table 1 shows the
relative magnitudes of the various terms on the right
hand side of equation (1), and the dominant variable for
each.

It is conservatively assumed that the initial tempera-
ture of the droplet is 2500 K, the bulk temperature of
the welding droplet,18,19 and that the temperature of the
ambient air is 500 K. It is assumed that the size of the
spatter droplet does not significantly change and that it
is non-rotating and well mixed.

Because of a low Biot number determined by the
small size of spatter droplets, Qconvection, the heat lost
through convection, can be calculated from
equation (2)20

Qconvection~
kair

d
2z0:6

dvrair
gair

� �1=2 Cp,airgir
Mairkair

� �1=3
" #

|

T{500ð Þ (2)

where the properties of the ambient air are as follows:
kair, the thermal conductivity, is 0.03 W m21 K21; gair,
the viscosity, is 261025 Ns m22; and rair, the density, is
1 kg m23.

The atomic mass of air Mair is approximated as
0.03 kg mol21.

The velocity of the spatter droplet, v, was measured
from high speed videography. The slowest droplets (and
therefore the least affected by convective cooling) moved
at 0.2 m s21, so this value was used conservatively for
the velocity in equation (2).

The radiative heat loss, Qradiation is approximated by

Qradiation~es T{500ð Þ4 (3)

where s, the Stefan–Boltzman number, is
5.66961028 W m22 K24 and the emissivity, e, is
assumed to be 0.7.

The maximum evaporative heat loss, Qevaporation, can
be estimated using the Langmuir equation (see
equation (4))

Qevaporation~
Pmetal

(2pMsteelkBT)1=2
Levaporation (4)

As a simplification, the vapour pressures for the more
easily evaporated metals were used, instead of those for
metal oxides, which may have been more appropriate
for evaporation during oxidation. The Langmuir equa-
tion represents evaporation into a vacuum and hence is
probably an overestimate of the true evaporative heat
loss. In an atmosphere, metal vapour must be trans-
ported away from the evaporating surface, as otherwise
the lack of concentration gradient will slow the
evaporation rate. However, in oxidative environments,

Table 1 Approximate magnitudes of heat terms in
equation (1)

Heat Log, W m22 Dominant variable

Qconvection 4–9 Spatter size (10 mm to 0.1 mm)
Qradiation 5 Temperature (1800–2500 K)
Qevaporation 5–7 Temperature (1800–2500 K)
Qoxidation* 4–9 Time

*Note that since Qoxidation is a function of time, this is
instantaneous heat and therefore its magnitude may be
misleading.

2 Frame (duration51 ms) from high speed videography of CO2-shielded mild steel gas metal arc welding with ER70S-3

wire
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an interesting phenomenon occurs during the heating of

metal. Oxygen acts as a vapour sink by creating solid

oxide particles a short distance away from the evapora-

tion surface (presumably at the point in the temperature

gradient where the oxide is thermodynamically stable).

The oxygen vapour sink prevents a boundary layer of

metal vapour from forming that would slow the

evaporation rate. This phenomenon was demonstrated

and discussed by Turkdogan et al.,21 who heated

levitated iron droplets in various atmospheres. They

reported evaporation rates extremely close to the

Langmuir rate, at oxygen concentrations close to that

found in room air. Therefore, the Langmuir rate suffices

in this model.

In any case, because this equation will also ultimately
be used to determine the maximum possible fume
formation rate from spatter oxidation, an overestimate
of evaporative heat loss provides the upper conservative
bound sought. An overestimate also has competing
effects: on one hand, the predicted temperature of the

droplet will decrease too quickly, thus underestimating
fume formation rate; and on the other hand, vaporisa-
tion and therefore the fume formation rate will be
overestimated. It is therefore unlikely that small errors
in estimation of the evaporation rate will be important.

The atomic mass of the steel is Msteel, and kB is the
Boltzman constant. Pmetal is the vapour pressure of the
steel and Levaporation is the heat of evaporation. Both are
functions of temperature and composition. Approxi-
mating the steel as an Fe–0.01Mn alloy and using values
from the NIST Chemistry WebBook22 for Pmetal and
Levaporation, Qevaporation was approximated with a power
law as

Qevaporation~7|10{47T15:734 (5)

In equation (7), the heat evolved through oxidation,
Qoxidation, was calculated by multiplying the parabolic
equation (equation (6)) for iron oxidation by the heat
of oxidation, which is about 200 kJ mol21 or about
4000 kJ kg21 of reacted oxygen (DmassO2), and by

3 Calculated change in temperature of spatter droplets of various diameters with time
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converting units.

(DmassO2)
2

A2t
~2|10{4 (6)

Qoxidation~
{5:66|104

t1=2
(7)

Equations (1)–(7) were combined and solved numeri-
cally. The computed change in temperature for spatter
droplets is plotted in Fig. 3 for various droplet sizes, in
the range from 2500 K, the maximum reported average
temperature of electrode droplets,18,23 to 1800 K, the
solidification temperature of iron, below which evapora-
tion is negligible.

The resulting temperature profiles were re-entered
into equation (5). The results were multiplied by the
spatter droplet surface area, divided by the heat of
evaporation per mole of metal evaporated, and multi-
plied by the molar mass of Fe2O3, to enable comparison
with fume mass. This was then integrated from 1800 K
to 2500 K. The resulting data are found in Table 2,
listed by spatter droplet diameter. Table 2 only indicates
the upper bounds to spatter evaporation. The percen-
tage of evaporated material with respect to the mass of
an individual spatter droplet is also reported. If all of the
spatter were of a specific diameter, then the correspond-
ing percentage would reflect the amount of fume that
this spatter formed. This is naturally not the case, as
spatter droplets vary in size. The total fume formed by
spatter would be an average of these percentages,
weighted by the spatter particle size distribution.

According to Table 2, only large spatter droplets
evaporate to any extent. This is substantiated by the
videograph and the fume trails left by spatter droplets
larger than a few millimetres, although it is conceivable
that any fume formed from small particles was not
resolvable with this videographic technique.

However, although the metal droplets in the arc
melter were about 10 mm in diameter, a much smaller
amount of fume (0.8 mg fume per 5.0 g dropl-
et5y0.02%) was detected from the spatter simulation
than predicted by the calculations (11%). Besides not
being engulfed in airflow, the droplets were large enough
to prevent substantial convection, but they were surely
cooled conductively by contact with the copper hearth.
The initial temperature of an arc melter droplet was also
probably lower than that of a typical GMAW spatter
droplet, since it has been shown that the average weld
pool temperature of steel GTAW does not exceed

approximately 2000 K,24 whereas a GMAW electrode
can reach 2500 K.23 In addition, oxidation in the arc
melter may not have occurred as rapidly as it does with
spatter, because spatter leaves the shielding gas in about
a tenth of a second (the shielding gas area is
approximately 2 cm in diameter and spatter moves at
at least 0.2 m s21) whereas the arc melter air was
changed more slowly than this (in approximately 1 s).
The hot droplet in the arc melter was therefore not
exposed to oxygen until it had cooled to a greater extent
than a real spatter droplet would.

In the arc melter experiment, no fume was detected
when pure oxygen was used. Turkdogan et al.21

observed a similar situation during their aforementioned
experiments. Although evaporation rates directly
increased with increasing concentrations of oxygen in
the atmosphere around levitated iron droplets, all
evaporation ceased entirely above a certain concentra-
tion of oxygen. It was found that an iron oxide shell
formed that prevented more oxidation. It has been
reported that when iron particles oxidise in air, they do
so in the solid phase, not in the gas phase.25,26 If its oxide
is more unstable than a metal at elevated temperatures,
the oxide will decompose as it forms. The lower the
oxidation potential of the environment in which the
metal is found, the less stable its oxide is. High
concentrations of oxygen stabilise metal oxides.
Therefore, it is not surprising that there is an oxidation
potential cut-off in vaporisation for iron.

At 1873 K, Turkdogan et al.21 found the cut-off point
for the oxidation of iron to be at 0.13 atmospheres of
oxygen; this was also the point of its greatest evapora-
tion rate, which was the same in magnitude to the
Langmuir rate. At higher temperatures such as those
found with spatter particles, the cut-off would presum-
ably be at a higher concentration of oxygen, perhaps
close to the concentration of oxygen in air. Thus it is
reasonable to expect room air oxygen to assist vaporisa-
tion of spatter particles, but pure oxygen to impede it. If
this assumption is correct, then the mathematical model
using the Langmuir evaporation rate presented in this
article is reasonably accurate. If not, then the next best
assumption is that spatter particles do not evaporate at
all to create fume, since stable oxide shells would form to
prevent this. This is especially valid as the spatter
droplet cools. However, the evidence of fume from the
arc melter and the videography supports the model
using Langmuir evaporation, although, in reality, some
mixed effect is likely.

From the calculations it can be seen that if all spatter
particles from welding were 10 mm in diameter, it would
be possible for spatter oxidation to be responsible for
the increase in fume formation rate when comparing
spray mode with globular mode. However, this is not the
case. Kheifets27 collected all spatter particles larger than
0.5 mm that were formed from CO2-shielded GMAW of
steel with 1.2 mm diameter at 27 V and 200 A. Of the
215 collected particles, 93% were smaller than 1.5 mm
and 65% were smaller than 1 mm. Therefore, it is not
likely that evaporation from spatter contributes sig-
nificantly to fume, because most spatter particles are too
small to vaporise in large amounts.

It should be noted that among the 215 spatter
particles, Kheifets found just three spatter particles
larger than 2 mm. Their exact sizes were not reported.

Table 2 Calculated fume mass created by individual
spatter droplets of specific sizes

Spatter droplet
diameter

Fume mass (mg)
formed per spatter
droplet

Fume mass/
droplet mass
6100

10 mm* 418 000 11
1 mm 310 8.5
0.1 mm 0.13 3.5
10 mm 2.261025 0.6
1 mm 2.161029 0.1
0.1 mm{ 2.4610213 0.0

*Upper limit to mode: particles .10 mm do not have Biot
number ,,1.
{Lower limit to model: particles ,0.1 mm do not have Kudsen
number ,,1, i.e. they behave like gas molecules.
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If they were all larger than approximately 4 mm, then
these three particles would have accounted for at least
half of the total spatter mass. If a spatter rate was very
high, at approximately 4 g min21, and half of the spatter
(by mass) was larger than 1 mm, and 10% of this large
spatter was converted to vapour that condensed and
oxidised (which would increase mass by y50%) into
fume, then the fume formation rate would increase by
approximately 0.3 g min21. This would be a significant
increase in fume formation. Although this scenario
seems improbable, until a better particle size distribution
of spatter is reported it cannot be ruled out.

It has been observed that many spatter particles have
severe porosity, which has been interpreted as an
artefact of oxidation. However, such porosity can be
caused by the dissolution of nitrogen that occurs as
liquid iron solidifies. This is the main reason why steel
must be shielded from atmospheric gases during
welding; if it is not, severe porosity will form in the
resulting weld as the nitrogen gas escaping from the
solidification front is frozen into the solid weld pool.
This is the most probable cause for porosity found in
spatter. For a discussion on the dissolution of nitrogen
from solidifying iron droplets, see Dreizin.28

Since evaporation increases drastically with tempera-
ture (see equation (5)), it makes sense that the cooling
spatter droplet, which cools from 2500 K, does not
contribute to fume as much as does the constantly
heated welding electrode, the surface of which can be at
a temperature greater than 2500 K.29 (Note that the
surface temperature, not the bulk temperature, actually
controls evaporation.) Naturally, higher fume formation
rates are linked with greater vaporisation rates due to
increased surface temperatures. It has been shown that a
change in welding parameters, such as those that cause
the change from globular to spray transfer mode in
GMAW, can cause electrode surface temperatures to
vary enough to explain the corresponding variation
observed in fume formation rates.30

Intense heating also causes spattering whenever
sensitive surfaces are disturbed, either through arc
forces,31 through electrode detachment, or because of
the bursting of gas bubbles,32 like carbon monoxide,
which undergoes dissolution from steel at high tempera-
tures.33 The greater the temperature, the smaller the
initial pertubation in the surface needs to be to grow
and break into droplets. Therefore, higher temperatures
will cause more spatter. The dependence of spatter
on welding electrode surface temperature has been
discussed by Ma and Apps.34,35

Thus the reason for the correlation between fume
and spatter rates may be that both are controlled by the
same variable: surface temperature. All things being
equal, surface temperature is most directly controlled
by the electric current density. However, process
changes, such as the change of GMAW electrode
droplet transfer mode, change surface temperature more
drastically. Globular mode electrode droplets can have
temperatures 400 K greater than those of electrode
droplets in spray mode.29 As mentioned earlier, different
processes like GMAW and GTAW exhibit the greatest
difference in surface temperatures, when compared.
In all of these cases, higher fume and spatter rates
have been reported in conditions that created higher
temperatures.30

Conclusion
The causal link between spatter and fume in arc welding
was explored through experimental observation and
mathematical calculation. A spatter oxidation test did
not show significant fume formation, but high speed
videography showed fume forming from large spatter
droplets. Assuming that stable oxide shells that prevent
evaporation do not form, calculations demonstrated
that only spatter droplets larger than a few millimetres
can oxidise and produce fume in significant amounts.
Since most spatter particles are smaller than 2 mm, it
was concluded that spatter does not substantially
contribute to the metal vapour and fume formed during
arc welding. There is reason to believe that the source
for the correlation between fume and spatter rates may
be that both are determined by the same welding process
variables, instead of one causing the other.
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