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6 Université d’Orléans, Faculté des Sciences (Site de Bourges), BP 4043, 18028 Bourges cedex, France
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Abstract
The gas metal arc welding (GMAW) process is strongly influenced by the composition of the
shielding gas. In particular, addition of CO2 increases the threshold current for the transition
from unstable globular to more stable spray transfer mode. We report on the
diagnostics—using optical emission spectroscopy—of a GMAW plasma in pure argon and in
mixtures of argon, CO2 and N2 while operated in spray and globular transfer modes. The
spatially resolved plasma parameters are obtained by applying the Abel transformation to
laterally integrated emission data. The Stark widths of some iron lines are used to determine
both electron density and temperature, and line intensities yield relative contents of neutral and
ionized iron to argon.

Our experimental results indicate a temperature drop on the arc axis in the case of spray
arc transfer. This drop reduces with addition of N2 and disappears in globular transfer mode
when CO2 is added. Despite the temperature increase, the electron density decreases with CO2

concentration. The highest concentration of iron is observed in the plasma column upper part
(close to the anode) and for GMAW with CO2.

Our results are compared with recently published works where the effect of
non-homogeneous metal vapour concentration has been taken into account.

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of thermal plasmas for metallic materials welding is
the basis of several processes. Due to its high productivity,
gas metal arc welding (GMAW) is one of the most commonly
employed processes. It is based on the creation of an electric
arc between a consumable anode wire and the workpiece,
constituting the cathode. In order to prevent interaction of

the atmospheric gases, a shielding gas is blown on the melted
metal area. Depending on the gas used, GMAW can be actually
subdivided into two processes, the first one is the MIG process
(for metal inert gas) using an inert gas (such as argon), while the
second one is the MAG process (for metal active gas) of which
the shielding gas is chemically active (such as with the addition
of CO2). Then the abbreviation MIG/MAG can also be used
for describing the GMAW process. Although the process has
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been investigated since its first development [1, 2], its complete
understanding is far from being achieved. In GMAW, metal
is transferred from the anode to the weld bead in the form
of droplets. Their size, detachment speed and stability vary
mainly according to the welding current and the shielding gas
composition. When using argon, the current increase leads
to the evolution from short-circuit to globular and eventually
to spray transfer. The transition between the last two transfer
modes occurs at 250 A [3] with a droplet size reduction, a
detachment speed increase and a better arc stability in spray
transfer mode. The arc plasma shape changes from a bell
configuration to a cone attached to the extremity of the tapered
melting anode. When CO2 is added to the shielding gas,
the main modification is the increase in the current needed
to reach the spray transfer mode. Considering the power
available on welding generators, this transfer mode cannot be
obtained with mild steel wires for CO2 content higher than
20%. The globular mode involves the presence of a large
amount of fumes and metal vapours in the plasma, changing the
chemical properties of the medium considerably. In order to
get a better understanding of the phenomena involved, it is then
important to determine the plasma parameters associated with
each transfer mode. This paper follows two previous papers
dedicated to this topic, using optical emission spectroscopy
for determination of plasma parameters. The first one [4]
presented radial evolution of electron temperature and density
with three different shielding gases: argon, argon+5% CO2 and
argon + 20% CO2 mixtures. The measurements were given at
3, 4.5 and 6 mm above the cathode, and in addition at 7.5 mm
above the cathode for the argon + 20% CO2 mixture. The
main result was that under spray transfer (argon and argon +
5% CO2 mixture) the temperature was 10 000 K lower than
that which models, such as those presented in [5], predicted.
In addition, the maximal temperature was not observed on
the axis of the column where a strong temperature drop was
reported. This temperature drop was not observed in the case
of globular transfer (argon + 20% CO2). Since the hypothesis
for explaining these differences was based on the influence
of metal vapours, the work then focused on the estimation of
the ratio of neutral iron over argon. More recent results were
presented in a second paper [6] in the case of spray transfer
under argon shielding. In addition to neutral iron proportion,
radial evolution of electron temperature and density were
presented for ten vertical positions (from 2 to 6.5 mm above
the cathode). The present paper extends this work to the
case of argon/CO2 mixtures both in spray (argon + 5% CO2,
argon + 10% CO2) and globular transfer (argon + 20% CO2).
The influence of nitrogen is also studied, and it is worth
mentioning that the used mixture (argon+5% N2) leads to spray
transfer. In order to get an easy comparison between these
results and those obtained with pure argon, results published
in [6] for electron temperature and density are also displayed,
using the same graphical presentation as for the new results.
To limit redundancy, though, other vertical positions than those
presented in [4] were chosen for results with argon + 5% CO2

and argon + 20% CO2 mixtures.
Particular importance is given to the determination of the

plasma composition, since unlike gas tungsten arc welding

(GTAW) there is a strong enrichment of metal vapours
originating from the melting anode and the melted droplets
crossing the arc. The complexity of the GMAW plasma
can explain a low number of modelling works compared to
GTAW. Recent modelling works on GMAW [7–10] lead to a
temperature distribution in good agreement with experimental
measurements by taking into account the metal vapour
influence. However, the agreement between models and
experiment concerning the metal vapour concentration still
needs to be clarified. The calculation of neutral iron ratio has
then been improved, leading to values closer to what models
predicted than those reported in [6] but the major improvement
consists in measurements of ionized iron content. Other
experimental results deduced from emission spectroscopy
analysis available in the literature [11, 12] focus only on neutral
iron lines: to the best of our knowledge, this is the first time
that results from ionized iron lines are presented for a GMAW
plasma, both in spray and globular transfer modes.

2. Experimental procedure

2.1. Experimental setup

The experiments were performed with a SAFMIG 480 TRS
PLUS welding generator operating in current regulation mode
at I = 330 A, the voltage depending on the welding conditions.
For all experiments, the gas flow was 20 l min−1, the distance
between the contact tube and the metal plate was 20 mm and
the wire feed speed was set at 9 m min−1: this provides an
arc length between 7 and 10 mm depending on the shielding
gas used. While this length is generally smaller in an actual
welding operation, it was chosen to allow easier measurement
positioning for decoupling of the effects at the anode, the
effects near the weld bead (constituting the cathode) and in the
bulk of the plasma. We checked that this arc length increase
leads to no major modification regarding the transfer mode and
the process behaviour.

In addition to the experimental setup detailed in [6],
a second mass flow meter was connected to the gas input
to operate with various gas mixtures. Experiments were
conducted with pure argon and mixtures of argon and 5%,
10% and 20% of CO2 as the shielding gas: the first three
cases correspond to the spray transfer mode and the last one
to globular transfer. Additional experiments were also carried
out with addition of 5% N2 into argon, to get a comparison
with another molecular gas with no oxidizing properties. The
1.2 mm diameter anode wire was composed of mild steel
(AWS A5.17) containing mainly iron (98 wt%), manganese
(1 wt%) and silicon (0.35 wt%). For each experiment the
electrical parameters were recorded using a digital oscilloscope
and the arc geometric configuration was observed with
a Fastcam 1024 PCI high-speed camera, fitted with an
interference filter centred at 469 nm. In its spectral range (full-
width at half-maximum of 3 nm) only metallic lines are present,
increasing the contrast of the rich metal vapour regions.

2.2. Spectroscopic diagnostic

The optic setup detailed in [6] is based on a SOPRA
spectrometer with a 1200 lines mm−1 grating and 2 m focal
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length fitted with an intensified PI-Max camera. It allows
recording spectra for 0.1 mm thick horizontal slices of
the plasma at a chosen distance above the cathode (the
surface being assigned zero). The geometric resolution
is 0.06 mm/pixel and the spectral resolution 0.004 nm/pixel.
Three regions are investigated: close to the cathode (2 mm), the
central part of the arc (3.5 and 4.5 mm) and close to the anode
(6.5 mm in spray transfer and 9.6 mm in globular transfer).
The ideal configuration for arc observation corresponds to the
case where no droplet is present inside the plasma. However,
this would require not only good synchronization but also short
exposure time (1–10 ms) leading to a poor signal-to-noise ratio.
This is particularly critical in the case of welding experiments
with a CO2-containing gas, due to the strong presence of fumes.
It was then chosen to use a 50 ms exposure time in all cases.
In spray transfer under pure argon, the droplet detachment
speed reaches a few hundred hertz: during this time, up to 45
droplets cross the arc. Between each droplet the light from the
centre of the arc is not perturbed and one can consider that over
the 50 ms period the measured light intensity results from an
average of masked and droplet-free configurations. However,
considering the droplets size (0.3 mm in spray transfer) results
obtained for axial distances smaller than 0.5 mm are generally
considered with extreme care. This is particularly relevant
for the upper part of the column since the distance between
droplets is shorter when close to the anode. In globular transfer,
the effect of droplets is less disturbing not only due to the lower
detachment speed but also due to the fact that droplets are often
ejected away from the arc axis.

In order to get radial profiles of line intensity, the Abel
inversion is performed on the data, assuming that the arc is
axially symmetric. In order to check this, some measurements
are made with two cameras simultaneously recording the arc
image and placed along two perpendicular directions. Results
show that the symmetry is quite good for a distance above
the cathode greater than 3.3 mm in spray transfer and 4.4 mm
in globular transfer. For the lower part of the arc the shapes
appear often to be elongated along the direction of the weld
seam and the Abel inversion might lead to errors due to the
lack of symmetry. However, high-speed imaging shows that
the arc shape changes over time (modification can occur with a
time step of about 0.1 ms) and the deviation from symmetrical
shape can be more or less important. This is due to the droplet
formation, detachment and fall across the plasma. While
results for the lower part of the arc might be less valid than
for the upper part, the effect of deviation from symmetry
might then be not so strong, thanks to the relatively long
exposure time.

The electron density and temperature were obtained
simultaneously without any hypothesis on the plasma
equilibrium state, using a method based on Stark broadening
line measurement, initially developed by Sola [13, 14] and
applied to the 538.3 nm Fe I and 696.5 nm Ar I spectral lines [4].
This measurement required two separate acquisitions to get
these lines: a careful study of the electrical parameters was
used to check that the conditions were similar for both cases.
However, when recording the 538.3 nm Fe I line it was also
possible to get two other Fe I lines at 539.4 and 539.7 nm

in the same acquisition. The line intensity determination
allows obtaining the excitation temperature by applying the
Boltzmann plot method by assuming local thermodynamical
equilibrium (LTE). This temperature can be obtained with a
single experiment, eluding the reproducibility issues. Then
the comparison between excitation and electron temperature
was used, as described in a previous paper [15], to determine
the region where the excitation equilibrium can be considered
valid. Agreement between the two temperatures, considering
the uncertainties (generally at least 10% or about 1000 K), is
used as supporting evidence for LTE. Full validation would
also need to check the Saha equilibrium, taking into account
the various ionization levels of the present species. However,
LTE hypothesis validity can also be estimated by comparing the
data with theoretical results obtained from plasma composition
calculations in the case of LTE. Such results indicate an
electron density slightly lower than what has been measured,
but remain comparable. Then one can consider that there is
certainly no large departure from LTE and it is possible to
get an estimation of the iron content with respect to argon
from the line intensity ratio [6]. The three neutral iron lines
and the argon line mentioned above were used for estimating
the neutral iron content, assuming that the plasma is optically
thin for the considered wavelength. This hypothesis is verified
for the argon line but some iron lines can be self-absorbed,
especially with high CO2 content. However, there is generally
at least one usable line among the three neutral iron lines,
since they have different energy departure levels. Apart from
line intensity and emission terms the partition function for
each element must be known. For a temperature smaller than
15 000 K the partition function for argon can be considered
to be equal to 1. Several sets of data are available in the
literature for the iron partition function for a wide temperature
range. It appears that the influence of this parameter on
the deduced iron concentration is not negligible and since
the values presented in [6] were quite low (especially when
compared with numerical models such as [9]) it was necessary
to check the data reliability. The most recent values available
for the iron partition function were then used, leading to a
higher iron concentration: those results are expected to be more
reliable than what was presented in [6].

For a temperature of the order of 10 000 K it is expected
that some ionization occurs. While ionized iron lines were
indeed observed, no ionized argon line was visible. It can
then be considered that the argon ionization level is quite low
(which is expected for temperatures below 15 000 K) and the
error committed when considering the neutral argon density
as the total argon content in the plasma remains smaller than
measurement uncertainties. In the same way no Fe III line was
observed, and one can consider the iron content corresponds
to the sum of neutral and singly ionized iron Fe and Fe+. In
order to measure the ionized iron content, the Fe II line at
501.8 nm is chosen. Then a simplified plasma iron content
can be calculated as ([Fe I] + [Fe II])/[Ar I].

3. Results

In order to study the influence of shielding gas modification
and the transition from spray to globular transfer separately,
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(a) (b) (c) (d)

Figure 1. Arc shape in spray transfer—I = 330 A: (a) argon; (b) Ar + 5%CO2; (c) Ar + 5%N2; (d) Ar + 10%CO2 (144 frame s−1, exposure:
9 ms, filter centred at 469 nm; picture size: 1.1 × 1.1 cm2).

results are first presented in the case of spray transfer for
argon, argon + 5% CO2, argon + 5% N2 and argon + 10% CO2

mixtures. In the second part, results obtained in spray and
globular transfer are compared for two argon + CO2 mixtures.
The third part is dedicated to the presentation of the first results
about the concentration of Fe+ ions.

3.1. Influence of CO2 and N2 in spray transfer

The arc geometric configuration in spray transfer is presented
in figure 1. Pictures correspond to the observation along
a direction perpendicular to the torch relative displacement
direction. The weld seam can also be seen on the lower part of
the pictures. When welding with argon shielding gas, the arc
shape, as seen in figure 1(a), is quite stable (considering the
9 ms exposure time). Two parts can be identified in the plasma:
a central bright region in the form of a cone (with tip at the
end of the anode) and a more diffuse outer part. The end of
the electrode (the solid upper part is indicated with yellow bars
in figure 1) is tapered and one can see the trace of detaching
liquid metal droplets at the centre of the picture, as a pale grey
stream.

A detailed analysis of the arc shape modification with
addition of CO2 was published in a previous paper [16].
Geometric information on droplet detachment and arc shape
(in particular pictures with better contrast for the central
zone) was published in a more recent paper [17]. The
most relevant information one can get from these pictures,
for this study, is the existence of this central bright part.
Considering the interference filter used, it should correspond
to a higher concentration in metal vapour. In order to get
a comparison with the evolution of plasma parameters, its
radial boundary (determined from high-resolution images) is
indicated in figures 2, 4 and 6 for argon shielding gas.

We have shown in [16] that the addition of CO2 leads
to almost no modification of the arc shape as long as the
CO2 content is not greater than 10%. A moderate increase
in arc length (especially with the argon + 10% CO2 mixture)
is the main observable change. This is also the case when
welding with argon and 5% nitrogen mixture, spray transfer
is equally obtained. Then for the three studied gas mixtures
(argon + 5% CO2, argon + 5% N2 and argon + 10% CO2) the
geometric configuration can be considered to be the same as
that observed with argon only. Concerning the arc voltage, a

noticeable drop occurs when adding a small quantity of CO2,
from 36 V under pure argon to 31 V with argon +1% CO2. In
contrast, the voltage increases with CO2 content: 35 V with the
argon + 5% CO2 mixture and 37 V with the argon + 10% CO2

mixture. Addition of nitrogen causes a strong voltage increase:
about 42 V with the argon + 5% N2 mixture.

The quantitative results obtained in the case of argon arc
shielding [6] showed that the arc column could be divided
into three zones, according to the electron temperature and
density radial evolution: the lower part of the column, the
middle of the arc and the region close to the anode. The plasma
parameters were then measured in the case of a shielding gas
composed of argon and 5% CO2 for these three parts, 2 mm,
3.5 mm and 6.5 mm above the cathode, respectively. The
intermediary position (4.5 mm above the cathode) was chosen
for the experiment with the argon/nitrogen mixture. In the case
of the argon+10% CO2 mixture, results are rather given for the
upper part of the column (6.5 mm above the cathode) since this
position is more relevant concerning the transition to globular
transfer.

3.1.1. Electron temperature. The evolution of electron
temperature in the radial and vertical directions is presented
in figure 3 for various shielding gas mixtures, while figure 2
gives, for comparison, the results obtained with pure argon,
first presented in [6].

The graph with isotherms presented in figure 2(a) was
constructed from the radial evolution of temperature for all
studied vertical positions. The radial evolution for positions 2,
4 and 6 mm above the cathode is given for comparison,
in figure 2(b). It also allows indicating the measurement
uncertainties that are generally about ±500 K. The limit of the
central bright zone is indicated in figure 2(a) as a solid black
line for argon shielding gas (the horizontal bars correspond to
the uncertainty on position determination).

The main result, as we can see in figure 3, is that the
temperature noticeably increases with addition of CO2, over
13 000 K with argon + 5% CO2 and about 14 000 K with
argon + 10% CO2 (to be compared with 12 500 K with pure
argon). A similar temperature drop exists on the axis of the arc
with argon+CO2 mixtures but the radial temperature evolution
is much more irregular than in the case of argon shielding
gas. It is then more difficult to get data close to the arc axis
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Figure 2. Evolution of electron temperature in spray transfer with
argon as an isotherm map (a) and detailed radial evolution for
positions 2 mm (– –), 4 mm (–•–) and 6 mm (–◦–) above the
cathode (b). The black line indicates the limit of the bright zone
seen in figure 1.

(radius smaller than 2 mm) for positions 2 and 3.5 mm above
the cathode. The few valid points of measurement that were
obtained, however, tend to confirm the temperature drop. In
the case of argon + 5% CO2 shielding gas, a high temperature
(up to 11 000 K) is also observed close to the cathode, even for
the largest radial position.

It must also be noted that, due to slight increase in arc
length, the maximal temperature for argon + 5% CO2 and
argon + 10% CO2 mixtures might exist above the 6.5 mm
position over the cathode. The addition of CO2 leads to
moderate broadening of the bright core whose limit still
corresponds to the maximal temperature area. The addition of
nitrogen also leads to a temperature increase when compared
with argon but the radial temperature evolution is much more
regular. The central temperature drop seems to be smaller
with a value greater than 9000 K on the axis of the column.
The maximal position of temperature is not closely related to
the limit of the central bright core (that is close to the position
observed for the argon + 5% CO2 mixture).

3.1.2. Electron density. In the same way, the graphs
presented in figures 4 and 5 are constructed from the
measurements of electron density. In all cases, the electron
density increases along the vertical direction when close to
the anode. However, it appears that, contrarily to what
happens with electron temperature, the addition of CO2 leads
to a decrease in electron density of about 15%. While
the temperature radial profile is much more irregular with

Figure 3. Evolution of electron temperature in spray transfer with
various gas mixtures: (a) argon + 5% CO2 for positions 2 mm (–•–),
4 mm (–�–) and 6 mm (– –) above the cathode; (b) argon +10%
CO2, h = 6.5 mm (–��–) and argon +5% N2, h = 6.5 mm (–�–).

argon+CO2 mixtures than with pure argon, the electron density
radial evolution remains quite regular.

Under pure argon, the electron density increases towards
the arc axis. In spite of the lack of complete reliable data
close to the arc axis for the case of the argon + 5% CO2

mixture, the behaviour seems to be the same for the main
part of the column (see also the results presented in [4] for
positions at 3, 4.5 and 6 mm above the cathode). At 6.5 mm
above the cathode, though, the maximum electron density is
clearly observed outside the arc axis with the argon + 5% CO2

mixture. With the argon + 10% CO2 mixture, high electron
density is observed again close to the arc axis for this vertical
position, but one has to consider the slightly greater arc length
in this case: the result should be rather compared, then, to what
is obtained at the position 6 mm above the cathode with the
argon + 5% CO2 mixture. In contrast, the addition of nitrogen
does not cause a decrease in electron density, with values
even slightly higher than with pure argon for radius greater
than 4 mm.

3.1.3. Ratio of neutral iron over argon. The relative part
of neutral iron with respect to argon is presented in figures 6
and 7 as a function of the radial position and the distance above
the cathode. Since the ratio increases by several orders of
magnitude from the cathode to the anode location a logarithmic
scale was chosen. Under pure argon, as seen in figure 6, the
neutral iron content is strong only for the upper part of the arc.
The maximal value of 10% of the argon content is reached at
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Figure 4. Evolution of electron density in spray transfer with argon
as an isotherm map (a) and detailed radial evolution for positions
2 mm (– –), 4 mm (–•–) and 6 mm (–◦–) above the cathode (b).
The black line indicates the limit of bright zone seen in figure 1.

6.5 mm above the cathode for a radial position of about 0.6 mm.
The ratio strongly decreases when close to the cathode: it is
less than 1% in the middle of the arc and not greater than 0.04%
for the lowest part.

It appears that the addition of CO2 leads to a strong
increase in the iron content, with ratio more than ten times
higher when compared with the case of MIG welding. The
ratio remains greater than 0.1% up to 4.5 mm from the arc
axis even at 2 mm above the cathode, as seen in figure 7.
At this position, the maximal value is observed for a radial
position of 3.5 mm up to several per cent and is even greater
than what is observed for an intermediate vertical position
(3.5 mm above the cathode) with pure argon. However, the
maximum concentration is still reached close to the anode,
with a ratio of 15% in the case of the argon + 5% CO2 mixture.
The increase in CO2 concentration in the shielding gas causes
a further increase with maximal ratio values of about 30% in
the case of the argon + 10% CO2 mixture. In all cases, the
limit of the central bright zone seems to be close to the radial
position where the maximum neutral iron content is measured.
The effect of nitrogen here seems to be similar to that of CO2

with a ratio rising above 1.5% at 4.5 mm above the cathode
and 3 mm away from the axis in the radial position.

3.2. Comparison between spray and globular modes

In globular transfer, the arc length is higher than in spray
transfer, as seen in figure 8. There is no clearly defined

Figure 5. Evolution of electron density in spray transfer with
various gas mixtures: (a) argon + 5% CO2 for positions 2 mm (–•–),
4 mm (–�–) and 6 mm (– –) above the cathode; (b) argon +10%
CO2, h = 6.5 mm (–��–) and argon +5% N2, h = 6.5 mm (–�–).

central bright part and the global shape is like a bell rather than
a cone.

Since the cathode location remains constant in all
experiments, it is more convenient to keep it as vertical position
reference, but for comparing the results the distance to the
anode must also be taken into account. Then, in addition to
the measurements made at 6.5 mm above the cathode, in the
case of globular transfer, a position 9.6 mm above the cathode
was chosen. This location was the closest possible position to
the lower part of the anode, considering its fluctuation due to
irregular large droplet detachment. The electron temperature
evolution is presented in figure 9 for spray (argon + 10% CO2)

and globular (argon + 20% CO2) transfers under a 330 A
current. The temperature still increases with higher CO2

content with maximal values close to 15 000 K, but the most
significant modification is the lack of axial temperature drop
in the case of globular transfer.

While the central temperature is about 8000 K with the
argon + 10% CO2 mixture, it is not lower than 12 000 K at
the same height above the cathode with the argon + 20% CO2

mixture. At 9.6 mm above the cathode (corresponding to a
comparable distance with respect to the anode), the maximal
temperature seems to be observed even on the axis.

The radial evolution of the electron density, presented in
figure 10 for 6.5 and 9.6 mm above the cathode, shows no major
modification when shifting to globular transfer. The increase
in CO2 content causes a further lowering of the electron density
at a comparable height above the cathode.
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Figure 6. Evolution of the ratio of neutral iron over argon in spray
transfer with argon as an isotherm map (a) and detailed radial
evolution for several positions above the cathode: 2 mm (– –),
4 mm (–•–) and 6 mm (–◦–) (b). The black line indicates the limit
of the bright zone seen in figure 1.

It seems that for the position close to the anode (9.6 mm
above the cathode) with the argon + 20% CO2 mixture the
density increases but the maximal value (about 2 × 1023 m−3)

is comparable to the case of the argon + 10% CO2 mixture,
in spray transfer. As expected, the increase in CO2 content
leads to a further increase in iron content in the plasma with
maximal values of the ratio between neutral iron and argon
above 40%, as seen in figure 11 (with logarithmic scale). High
neutral iron content (20%) is also observed on the arc axis. It is
also important to note that the region of high concentration is
more extended: under argon and with low CO2 content, the
maximal concentration area is not larger than 1mm, while
values above 5% can be observed at 3 mm away from the arc
axis for the position 6.5 mm above the cathode in the case of
globular transfer (Ar + 20% CO2).

The radial profile is quite irregular, without the presence
of a strong peak but rather a succession of several peaks that
can be related to a similarly quite irregular temperature radial
profile. Even for the region close to the anode, a ratio of a few
per cent exists up to 1.5 mm from the arc axis.

3.3. Measurement of ionized iron content

In order to get an estimation of the total iron content in
the plasma, some measurements were made to get the ratio
between ionized iron Fe II and argon at 3.5–5 mm above the
cathode. Results show that the content is similar to or
slightly higher than for neutral iron Fe I under both argon and

Figure 7. Evolution of the ratio of neutral iron over argon in spray
transfer with various gas mixtures: (a) argon + 5% CO2 for positions
2 mm (–•–), 4 mm (–�–) and 6 mm (– –) above the cathode;
(b) argon + 10% CO2, h = 6.5 mm (–��–) and argon + 5% N2,
h = 6.5 mm (–�–).

Figure 8. Geometric configuration of the arc in globular
transfer—I = 330 A, Ar + 20% CO2 (109 frame s−1, exposure:
9.6 ms, filter centred at 469 nm; picture size: 1.2 × 1.2 cm2).

argon + 5% CO2 mixture. As an example, the radial evolution
of iron content (on a logarithmic scale) is presented in figure 12
at 4 mm above the cathode with argon shielding gas: one can
see that the total iron content could be estimated to be twice as
high as the neutral iron content.

The iron content can then be considered negligible close to
the cathode in the case of pure argon, even when considering
the ions Fe+. It reaches a few per cent in the upper half of
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Figure 9. Electron temperature in spray transfer (Ar + 10% CO2) at
6.5 mm (–•–) above the cathode and in globular transfer
(Ar + 20% CO2) at 6.5 mm (–�–) and 9.6 mm (– –) above the
cathode.

Figure 10. Electron density in spray transfer (Ar + 10% CO2) at
6.5 mm (–•–) above the cathode and in globular transfer
(Ar + 20% CO2) at 6.5 mm (–�–) and 9.6 mm (– –) above the
cathode.

the arc (h > 4.5 mm) and the highest concentration, observed
close to the anode, can be assumed to reach a few tens of
per cent, since it is expected that the proportion of ionized
iron increases faster with temperature than neutral iron. In
the studied vertical position range, the addition of CO2 seems
to have no direct effect on the repartition between neutral and
ionized iron, for a similar temperature. However, a temperature
increase should lead to stronger ionization and the ratio could
become greater than 2. The consequence is that with a neutral
iron proportion of a few tens of per cent (in the case of the
argon + 20% CO2 mixture), the total iron content could indeed
be similar and possibly higher than the argon content. This

Figure 11. Evolution for the ratio of neutral iron over argon in spray
transfer (Ar + 10% CO2) at 6.5 mm (–•–) above the cathode, and in
globular transfer (Ar + 20% CO2) at 6.5 mm (–�–) and 9.6 mm
(– –) above the cathode.

Figure 12. Iron content under argon shielding gas—I = 330 A,
h = 4 mm above the cathode: (–◦–) [Fe I]/[Ar I], (–��–) [Fe II]/[Ar I]
and (-�-) ([Fe I]+[Fe II])/[Ar I].

means that the plasma close to the anode might behave more
like a metal plasma than an argon plasma.

In addition, in spray transfer, spectroscopic results are
more difficult to obtain for positions close to the arc axis
but the bright zone (of which the limits also correspond to
the temperature maximum) observed with high-speed imaging
seems to indicate that the iron content remains high in all the
plasma central part.

4. Discussion

The presented results showed not only an important
modification of the plasma parameters when CO2 was added
to the shielding gas but also a difference in plasma feature
between spray and globular transfers. After a comparison
with other works, some elements will be given to propose
explanations of the observed phenomena, considering in the
various cases the plasma properties with regard to the other
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factors involved in the welding process such as electromagnetic
forces and chemical modification of the electrode surface.

4.1. Influence of plasma composition on its physical
parameters

The main interest of the obtained results concerns the plasma
composition: it was shown that there are strong gradients not
only in the radial direction, but also vertically, from the anode
to the cathode. The measurements performed allow obtaining
a 2D mapping of the plasma parameters in spray transfer
for MIG (argon) and MAG (argon + 5% CO2) welding and
give indications on the plasma modifications with higher CO2

content.

4.1.1. Temperature. It is well known that the presence of
metal vapours decreases the plasma temperature, both by direct
thermal and dynamic effect [7] and by increasing the plasma
radiation [18], thus thermal loss. That is the main explanation
for the central temperature drop observed in spray transfer:
results indicate that the temperature maximum is observed at
the limit of the region of high iron content. The addition of
CO2 and N2 causes an increase in temperature: while nitrogen
leads to a voltage increase and then to a higher arc power
(with the same value of current), this is not the case for CO2.
The temperature rise could then be due to the oxidation of
metal, this exothermic reaction constituting an additional heat
input. In both cases, higher temperature is associated with
stronger metal vapour content, since vaporization is expected
to rise. Unlike what happens with an inert shielding gas it
seems that metal vaporization occurs at the cathode as well.
This result, in association with higher temperatures, could
also be due to the effect of oxygen. Addition of nitrogen,
even in moderate content, also seems to lead to a reduction
in the central temperature drop: this phenomenon can then be
related to the properties of the molecular gas rather than to
the effect of oxygen. In particular, one can evaluate from data
calculated by Murphy and Arundell [19] that the addition of
N2 or CO2 almost doubles the thermal conductivity (reaching
about 3 W m−1 K−1). Increased thermal conductivity could
also explain why the position where the maximal temperature
is observed with nitrogen is not so close to the bright zone
limit.

4.1.2. Electron density. Results show that the influence
of shielding gas on electron density can be related to both
the effect of oxygen addition and the molecular behaviour.
While the temperature increase with nitrogen addition is
accompanied, as expected, by a moderate electron density
increase, the addition of CO2 causes, in contrast, a noticeable
decrease in electron density. That could be explained by the
electronegative properties of oxygen with the formation of O−

ions. In any case, the measured electron density is close to what
the LTE plasma composition calculation predicts, considering
the uncertainties.

4.1.3. Thermophysical properties. The metal vapours
can, even in small proportion, considerably change the
plasma properties [18, 19]. Apart from thermal conductivity
that was mentioned above, the most relevant seem to be
emission coefficients, electrical conductivity and viscosity.
For temperatures between 5 and 12 000 K, the influence of
iron content is particularly noticeable: for instance, at 8000 K
(the temperature encountered on the arc axis, close to the
anode) the addition of 1% of iron in argon doubles the
electrical conductivity (from 1000 to 2000 S m−1). With a
content of 10% the electrical conductivity reaches 3000 S m−1.
Net emission coefficients can be multiplied by a factor of
100 when adding iron in an argon plasma [20]. Stronger
radiation and increased electrical conductivity can then justify
the fact that the brightest zone observed in spray transfer with
the interferential filter, presented in figure 1, corresponds to
the highest current density region. One can then consider
that the conical shape of the plasma core has to be taken
into consideration for current line geometry determination,
as we presented in [17], rather than the bell shape of the
surrounding argon plasma. The latter geometry can, however,
still be associated with globular transfer, where there is no
such delimitation of a central bright zone with high metal
vapour content. This determination of current line geometry
has direct consequences on the estimation of the resulting
electromagnetic forces (Lorentz force) in each transfer mode,
but direct mechanical effects of the metal vapours might also
exist. In fact, metal vapours have direct and indirect effects
(due to the temperature modifications) on plasma viscosity.
The maximal value, that is 2.5 × 10−4 kg m−1 s−1 at 10 000 K
for an argon plasma containing 1% iron, decreases for higher
and smaller temperatures and with increasing content of iron.

In spray transfer with argon shielding gas, the cooling
effect of metal vapours leads to a viscosity decrease of about
30% (down to 1.8 × 10−4 kg m−1 s−1 for 6000 K) at a vertical
position of 4–5 mm above the cathode. At 6.5 mm above the
cathode, the effect is weaker, since the metal vapour viscosity
reduction is compensated by the temperature modification
(smaller viscosity at 12 500 K than for 9000 K). However, the
droplet detachment often occurs at a lower position (between
5 and 6.5 mm above the cathode). It is then possible that the
lower viscosity in the central part of the arc helps in guiding
the droplets along the arc axis, creating a kind of funnel of low
mechanical resistance to droplet fall. When CO2 is added, the
temperature increases and the viscosity decreases.

In globular transfer there is no such marked central
temperature drop and the viscosity gradient disappears: the
guiding effect disappears and the metal vapour just forms a
viscous and denser layer that helps the droplets to be repelled
out of the axis. In addition to electromagnetic forces, it is
known that plasma drag has an influence on droplet detachment
and movement across the plasma [21]. While the effect of
viscosity modification on the plasma flow and the resulting
changes in the drag force acting on the droplet cannot be
expressed simply, it is expected that the influence has to be
considered. In fact, the plasma motion speed predicted in [21]
for a current of 160 A and a gas flow rate of 10 l min−1 is up to a
few metres per second close to the falling droplet. In addition, it
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is generally admitted [26] that no current flows through falling
droplets, meaning that no electromagnetic force guides their
fall. Then plasma viscosity modification by the adjunction of
CO2 can lead to no negligible influence on metal transfer.

4.2. Comparison with literature data

4.2.1. Models. The models neglecting metal vapour
influence or considering homogeneous repartition did not
predict the observed central temperature drop, and the
calculated temperature was 10 000 K higher than what was
measured. Recent models, considering the effect of iron
vapours, now predict a maximal temperature in agreement
with measurements. The model proposed by Schnick et al
[9] calculates the metal vapour concentration corresponding
to the observed temperature in the case of spray transfer
under pure argon. The wire diameter is 1.2 mm and the
current intensity is set to 330 A. Results show a maximal
iron concentration (considering neutral and ionized iron) in
the 90–100% range below the anode up to a radial distance
of 0.6 mm at 6.5 mm above the cathode. The radial gradient
is strong with iron content close to zero only 1.75 mm from
the arc axis. Iron content also decreases for greater vertical
distance from the anode. At 5 mm above the cathode the
maximal iron concentration (80–90% with respect to argon)
is observed 1.2 mm away from the axis, and is close to zero
3.2 mm away. In the lower part of the arc (below 4.5 mm
above the cathode) the maximum iron content is not observed
on the arc axis (but remains high for this radial position). It
is interesting to note that while the maximum iron content is
higher than what was measured in this paper, the radial limits
of the maximal concentration area seem to be in agreement.
Concerning the maximal iron content close to the anode, the
measured maximal concentration of neutral iron was up to
10%. The ionized iron content should then be ten times higher
than the neutral iron content to match the model results. While
the ratio between ionized and neutral iron is close to 1 in the
lower part of the arc, a higher ratio is expected close to the
anode (due to higher temperatures), so the result might still be
compatible. The presence of manganese in the anode wire can
also be mentioned: while no spectroscopic measurement was
made for the manganese over argon ratio, it can nevertheless
be estimated that the vapour proportion is similar to the wire
manganese content, which is about 1%. It also contributes to
the radiation loss and adds some cooling effect to iron vapour,
so its content might be slightly lower. Another explanation for
the noted difference is that the model proposed in [9] considers
a steady configuration, without taking into account the droplet
detachment and the presence of droplets crossing the arc.
The cooling effect of the droplets can also be considered for
explaining the temperature drop, so the iron content needed
to get the measured temperatures might not be so high, in
particular on the arc axis.

The model proposed by Boselli et al [10] does take into
account the droplet detachment, using the volume of fluid
method. However, the comparison is more difficult, since the
considered process is pulsed GMAW with a peak current of
360 A, an arc length of 4 mm and a 1 mm electrode diameter.

Results show, for a similar position to the anode (taking into
account its smaller diameter), a maximal iron content of 60%.
The highest concentration zone is less extended and observed
closer to the pendent droplet. The maximal iron content is not
obtained on the arc axis for all other vertical positions.

More recently, Schnick et al also presented results
from models [22] taking into account the dynamic droplet
detachment. The maximal iron content is also located closer
to the droplet and reaches a few tens of per cent. In order to
estimate the influence of current and get a better comparison
with our configuration one can consider the results presented by
Schnick et al in [23] for currents from 250 to 400 A (with an arc
length of 5 mm and an electrode radius of 1.2 mm): it appears
that there is low influence of the extension of the maximal iron
content area but the radial gradient increases with current. This
can be linked to the effect of stronger magnetic constriction that
is proportional to current intensity.

4.2.2. Experimental. Results from the plasma spectroscopic
diagnostic are presented by Rouffet et al [24] in the case of
a pulsed GMAW process under argon with a peak current
of about 450 A. The wire diameter is 1.2 mm and the arc
length is about 8 mm. The electron temperature is obtained
by applying the Boltzmann plot diagnostic method on 7 iron
lines, and the electron density is measured using the Stark
broadening of the same argon line as in this study, and then iron
content is deduced under the assumption of LTE from plasma
composition calculation considering Fe I, Fe II, Fe III, Ar I, Ar II

and Ar III species. Results for a vertical position halfway
between the anode and the cathode show a higher temperature
(up to 13 000 K) but a similar electron density as in the work
reported here. Significantly higher iron content is obtained
(50–80%) for radial positions up to 2 mm. The difference
could be linked to the different configurations (higher current
implies stronger arc constriction) and higher temperatures. In
fact, images given in [24] show higher arc constriction than
what is shown in figure 1.

A similar study is reported in the case of a controlled
short-arc GMAW process for various active shielding gases
[11]. But, while iron lines in the same spectral range
as in our work were used, a comparison of results is not
easy since the experimental conditions are quite different.
The closest configuration corresponds to a current of 260 A
with an argon + 18% CO2 mixture. The main differences
concern the arc length (only 3 mm) and the wire diameter
(1 mm). The Boltzmann plot procedure is used to determine
the excitation temperature and the density of iron atoms in
ground state, and then the mass fraction profile of the iron
in the core of the arc using composition calculations under
the assumption of LTE and a known total pressure (1 bar).
Results show that the measured temperature is about 11 000 K.
Considering the difference in the vertical studied position and
lower current used in [11] the results seem to be in reasonable
agreement. Furthermore, the maximal iron content is about
90%, which remains compatible with our results, considering
the uncertainties shown in figure 11 for the neutral iron content
with 20% CO2. It should also be noted that unlike our work the
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results presented in [11] correspond to different current values
for each shielding gas.

Results obtained in the case of argon shielding gas, with
pulsed current up to 450 A and using a 1.2 mm diameter
electrode, were published by Tsujimura et al [12]. The
measurement method is based on simultaneous high-speed
imaging of the plasma for the 538 nm iron line and the 696 nm
argon line. Results show a temperature of about 11 000 K for a
radial position of 2 mm (after Abel inversion of intensity data).
The iron mole fraction distribution is given as a function of time
over 5 ms: it varies from 50% to 100% close to the arc axis.
Considering the experimental condition differences (leading,
in particular, to larger droplets with diameter close to 1 mm)
the results can be considered not to be incompatible.

4.3. Comparison with other phenomena involved in droplet
detachment

The spectroscopic investigation of the plasma showed that
the addition of CO2 leads to a modification of the plasma
parameters affecting the current line geometry. This is
consistent with the fact that the resulting Lorentz force
magnitude and direction modification are generally considered
for explaining the transition from spray to globular transfer
[25]. In fact, the two main effects governing droplet
detachment considered in the literature are surface tension
and electromagnetic forces. While the first one is always an
attaching force of a few milli-newtons (regarding the droplet
weight, up to a few micro-newtons, negligible), the Lorentz
force that causes detachment of small droplets in spray transfer
can decrease from 7 to 2 mN in globular mode, or even change
its direction [26]. However, we have shown in a previous
work [27] that modification of current geometry was not only
due to plasma parameter changes but also due to modification
of the anode microstructure. The addition of CO2 causes the
formation of an oxide layer that hinders arc attachment at the tip
of the electrode, the thickness of that layer growing with CO2

content. This could also explain the more diffuse attachment all
around the droplet and the arc bell shape observed in globular
transfer. Moreover, the oxide layer’s high viscosity hinders
small droplet detachment and can be associated with one cause
of the transition to globular transfer. It is then likely that the
transition from one transfer mode to another is caused both
by plasma and anode microstructure modification. A study of
the influence of anode alloying elements on the transfer mode
showed, as reported in [28], that with a current of 330 A the
transition occurring with 10% of CO2 is observed for 20%
or even 25% on adding 0.3 wt% zirconium (that is known
to form conducting oxides) in the wire. On adding alkali
elements such as lithium or potassium a transfer close to the
spray mode observed in MIG welding is obtained with more
than 50% of CO2 for a current of 330 A and up to 60%, for a
current of 410 A. The considered explanation is based on an
effect on metal melting temperature and reducing the viscosity,
helping small droplet detachment. Qualitative spectroscopic
diagnostic showed that the added element was also present
in the plasma (with strong emission for recorded lines), so
it is likely that the modifications involve not only the anode
microstructure but plasma parameters as well.

5. Conclusion

The effects of CO2 addition on plasma parameters are studied
both in spray and globular transfer modes. Results show a
temperature increase and an electron density decrease with
CO2 content but the most significant modification concerns the
radial distribution of temperature. Under pure argon and with
mixtures with low CO2 content, there is a central temperature
drop that disappears with high CO2 concentration, which
can be associated with the transition from spray to globular
transfer. Experiments with nitrogen tend to indicate that the
disappearance of temperature drop could be related to the
higher thermal conductivity rather than the effect of oxygen.
The high concentration of metal vapours close to the anode
leads to a strong modification of plasma properties, increasing
in particular the electrical conductivity. The transition from a
highly conducting plasma cone shaped core in spray transfer
to a more diffused conducting bell shaped plasma in globular
transfer can then be most relevant for determination of the
current line geometry modification and thus the sign and
magnitude of the Lorentz force. Results also tend to indicate
that plasma viscosity repartition modification might also play
a role in the transition. While some differences exist from
values in the literature, the results are generally in reasonable
agreement. Future work on plasma diagnostic in the case
of welding experiments with specific iron alloying elements
added in the anode, such as alkali metals, will help in estimating
the respective influence of anode microstructure and plasma
parameter modification.
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