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During gas metal arc welding (GMAW), the plasma obtained has a rich composition and some hypothesis are
often made for modelling, in particular the local thermodynamical equilibrium (LTE) state of the plasma. It is
then important to study its validity domain, as it is also needed for plasma parameters determination.
The plasma was investigated using optical emission spectroscopy. The electron temperature and density were
determined from Stark width measurements, independently of the plasma equilibrium state, and compared to
the excitation temperature obtained using the Boltzmann plot (BP) method. The welding experiments were
made at arc current of 330 A, with pure argon as shielding gases. The LTE is verified in the core region of the
plasma, for about one half of the column radius in the arc lower part.
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1 Introduction

The study of thermal plasmas is often based on hypothesis on their state. In particular, the local thermodynamical
equilibrium (LTE) of the plasma has to be assumed for the calculation of plasma compositions and parameters.
Most plasma models also assume its LTE state. It is then important to study the validity of this hypothesis
in every part of plasma before further analysis. Gas metal arc welding (GMAW) is a widely used process for
joining metals for a wide range of applications, from naval construction to civil engineering. It is based on the
creation of an arc between a consumable wire electrode, continuously fed, and the work piece to be welded
acting as cathode. The weld bead is shielded from the atmosphere using an inert gas, or a chemically active
gas that improves the process. The metal transfer from the melting wire anode to the work piece occurs under
various modes, depending on the welding parameters. Although the process has been developed for more than 50
years, a better understanding of the influence of welding parameters and plasma behaviour is needed for further
improvements. The plasma temperature and composition are especially relevant for the metal transfer and heat
input to the weld bead study, which is a key element for process optimisation. In GMAW, the plasma obtained has
a complex composition due to the presence of metal vapour and the fall of melted metal, so the LTE hypothesis
requires experimental validation.

2 LTE validation procedure

In thermal plasmas under local thermodynamical equilibrium, electron excitation temperature Te is equal to heavy
particles temperature Th. The plasma can then be described as a fluid with a single temperature T = Te = Th.
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Its macroscopic composition can then be calculated by solving the coupled set of equations of electroneutrality,
elements conservation, Dalton’s law, Saha, Guldberg and Waage and Boltzmann’s laws. The later one gives
the population ratio for two states of a particle in a given ionised state, which allows calculating the emission
coefficient of a given line. The procedure we used for LTE validation is based on the comparison of the electron
temperature Te and the excitation temperature Texc. The agreement between the results obtained with the two
methods, taking into account the uncertainties for both, is then used to support the LTE hypothesis validity.

2.1 Electron temperature measurement: Stark width measurement

In order to get significant results, the electron temperature has to be determined using a method needing no
hypothesis on plasma equilibrium state. This is done using the Stark width of lines for which the dependence on
electron temperature and density is known. In previous work [1] we already used this method that has originally
been developed by Sola et al. [2, 3], on GMAW plasmas. The criteria for choice is a strong and different enough
variation with temperature, in order to get a good precision. The first line we used is the 538.3 nm iron line, for
which the relation between Stark width and electron temperature and density is [4, 5] :
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The second one is the 696.5 nm argon line for which the relation writes as [6]:
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S = 0.0814
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The two lines cannot be recorded simultaneously and two successive acquisitions are needed for each temperature
measurement. It is then necessary to assume that the experiments are reproducible and all parameters identical
for the two measurements. Besides, the optical setup must have a resolution of at least 0.01 nm.

2.2 Excitation temperature measurement: Boltzmann plot method

For plasma under Boltzmann equilibrium with the Nk population following the Boltzmann law, the emission
coefficients are:

εki(Texc) = K(Texc) Aki νki gk exp

(
− Ek

kTexc

)
(3)

Aki, νk, gk and λki are the transition probability, in s−1; the frequency, in s−1; the statistical weight; and the
wavelength in meter, respectively. By measuring the emissivity of at least two lines it is possible to plot the linear
relation that originates from equation 3:

y ≡ ln

(
εki

Aki νki gk

)
= lnK − Ek

kTexc
(4)

The excitation temperature Texc is then proportional the inverse of the slope. When the LTE hypothesis is valid,
this measured excitation temperature can be considered as equal to the plasma temperature, which provides an
easy way for plasma diagnostic. This method is then often used for welding plasma analysis, in cases where LTE
has already been validated [7–10]. The best accuracy is achieved for the widest energy range, but in order to limit
the impact of uncertainties associated with energy calibration, recording all studied lines in one acquisition is
preferred. The three iron lines at 538.3, 539.3 and 539.7 nm have then been chosen as they match these criteria.
The energy ranges over 3.4 eV.

3 Experimental setup

The welding experiments performed using a SAFMIG 480 TRS PLUS generator with a 1.2 mm diameter solid
consumable wire anode of mild steel (AWS A5.17). The welding torch position is fixed and the work piece placed
on a table moved by a step motor. Argon is used as shielding gas with flow of 20 L.mn−1 controlled using a mass
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flow meter. The optical setup, presented in Figure 1, allows studying plasma horizontal slice at a chosen height
above cathode. The radial distribution of line intensities is obtained using classical Abel inversion method [1].

The current is set at 330 amperes, which corresponds to the so-called spray arc transfer mode. With these
welding parameters, the arc voltage is about 35 V. Electrical signals are recorded and stored for each experi-
ment. This allows checking the reproducibility, in particular when two measurements are needed for the electron
temperature measurement.

Fig. 1 Experimental setup. (Color
figure: www.cpp-journal.org).

4 Results and discussion

The optical setup magnification leads to a radial resolution of 62 μm. Results for radius smaller than 0.5 mm are
not shown due to the presence of the liquid metal vein. The temperature measurements have been made for ten
vertical positions, ranging from 2 to 6.5 mm above the cathode with a constant step of 0.5 mm. However, results
can be sorted in three parts along the vertical direction:

• For positions h between 2 and 3.5 mm above the cathode (lower part of the arc), the maximum temperature
remains below 10000 K and is observed 3 to 3.5 mm away from the arc axis. Figure 2a shows results
obtained 2 mm above the cathode. The agreement between the two temperatures can be assessed for a
radius ranging from 0.75 mm to 4.5 mm.

• The temperature maximum moves closer to the axis and is higher than 10000 K for vertical positions ranging
from 4 to 5.5 mm (central part of the arc), as seen in Figure 2b at 4 mm above cathode. As the arc radial
extension decreases when closing to the anode, the maximal radius allowing the two temperatures agreement
does not exceeds 3.5 mm.

• For the highest observed positions at 6 and 6.5 mm (upper part of the arc) the temperature reaches more than
11500 K. The curve shape becomes sharper and the maximum position is less than 1 mm away form the arc
column axis. The two temperatures match up to the highest measurable radial position that is about 3 mm
for the position 6 mm above the cathode as seen in Figure 2c.

The Stark broadening method leads to a better precision, as the arc intensity fluctuation has no influence on
the line width. For radius greater than 5 mm the iron lines intensity falls strongly, reducing the accuracy of the
Boltzmann plot method. This is why data have not been plotted on the graphs for greater radius. However as the
temperature determination from this method needs only one acquisition, no issue associated to reproducibility and
files matching can alter the results. Measuring temperature with these two methods then allows cross checking
of the results, helping reducing the experimental uncertainties associated with both.
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a) h = 2 mm b) h = 4 mm

c) h = 6 mm Fig. 2 Electron temperature (�) and excitation temperature
(�) [I = 330 A]. (Color figure: www.cpp-journal.org).

5 Conclusion

The plasma temperature has been determined for a GMAW plasma source using two methods, allowing to get
supporting experimental evidences of the LTE in various part of the column. Results show a good agreement of
the temperatures for radial positions from 3 to 4.5 mm, depending on the height above the cathode.

Acknowledgements This work was supported in part by Air Liquide, Saint Ouen l’Aumone (France), and by the Integrated
Action Project Polonium 958055E.

References

[1] S. Zielinska, K. Musiol, K. Dzierzega, S. Pellerin, F. Valensi, C. de Izarra and F. Briand, Plasma Sources Sci. Technol.
16, 832-838 (2007).

[2] A. Sola, A. Gamero, J. Cortino, M. Saez, C. Lao, M.D. Calzada, M.C. Quintero, and J. Ballesteros, ICPIG XX Barga
(Italy, 5-12 July 1991) Book of Contributed Papers, 1147 (1991).

[3] J. Torres, J. Jonkers, M.J. van de Sande, J.A.M. van der Mullen, A. Gamero and A. Sola, J. Phys. D 36, 55-59 (2003).
[4] A. Lesage, J.L. Lebrun and J. Richou, Astrophys. J. 360, 737-740 (1990).
[5] N. Konjevic, A. Lesage, J.R. Fuhr and W.L. Wiese, J. Phys. Chem. Ref. Data 31, (2002).
[6] S. Pellerin, K. Musiol, B. Pokrzywka and J. Chapelle, J. Appl. Phys 29, 3911-3924 (2002).
[7] S. Nowak, A.C.A.P. van Lammeren and J.A.M. van der Mullen, Proceedings of ISPC 8 Tokyo P-027, 398-403 (1987).
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