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Dynamic Behavior of Metal Vapor in Arc Plasma during TIG
Welding†

TANAKA Manabu*, TASHISRO Shinichi**, TSUJIMURA Yoshihiro***
Abstract
In the present paper, the mechanism of metal vapor in arc plasma is discussed through the dynamic observation
of spectra of helium, chromium, manganese and iron during stationary TIG welding of stainless steel.
Wavelengths from 400 nm to 700 nm are observed by a monochromator with a diffraction grating. Radiation
from the arc is sent to the monochromator through optical lens and spectroscopic images are captured with 500
fps by a high-speed digital video-camera. Spectra of metal elements exist locally in the arc plasma due to
dependence of plasma temperature, and also intensive region of each metal spectrum depends on kinds of metal
elements. The most part of metal vapor produced from the weld pool surface are carried on the cathode jet and
then are swept away towards surroundings of the arc. However, if the driving force like diffusion in plasma is
large, some metal elements can get across the cathode jet and then can be carried on the circulation flow
towards tungsten electrode.
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process and diffusion for mixture of arc plasma and
metal vapor from the weld pool are not reported.
In the present paper, spectroscopic analysis of
helium and metal spectra is conducted in arc welding.
The purpose of this paper is to make clear the
mechanism of mixture of metal vapor in the arc
plasma.

1. Introduction
Free-burning arcs are widely used in industrial
applications, including arc welding 1), plasma splaying
2)
, plasma cutting 3) and so on. Many researchers have
devoted experimental and theoretical efforts to
understanding the physical characteristics of the arcs.
These efforts helped to attain the practical
understanding of the arc column and several books
regarding arc physics have been published 4-6). One of
the practical understandings is effects of metal vapor.
For example, metal vapor emanating from the
electrodes contributes to self-stabilization of arcs and
also to reduction of the anode fall, with the result that
the arc voltage decreases. The presence of metal vapor
in the arc is inevitable in the applications like arc
welding because of the high temperature of the weld
pool. The transport of metal vapor in the arc plasma is
an important subject for investigation, since the vapor
changes the arc properties, and therefore the properties
of the weld pool. Many researchers had a variety of
investigations of metal contaminated arc plasma 7-14).
Many studies on the effects of metal vapor have been
reported and they make clear that the presence of metal
vapor in the arc is important factor of the arc
properties. However, experimental observations of
†
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2. Experimental method
The TIG (Tungsten Inert Gas) arc is struck in
pure helium atmosphere between a tungsten electrode
and a flat stainless steel, SUS304, and then the
stationary TIG welding is carried out for 20s after the
arc ignition. The tungsten electrode is 3.2 mm in
diameter and is ground to a conical tip angle of 60°.
The TIG arc is operated at current of 150 A and the
distance between electrodes is 3 mm.
Figure 1 shows a schematic drawing of
spectroscopic analysis system for this study.
Wavelengths from 400 nm to 700 nm can be observed
by a monochromator. The monochromator is the
Czerny-Turner type and has diffraction grating with
wavelength resolution of 0.4 nm. Radiation from the
arc is sent to the monochromator through optical lens
and spectroscopic images are captured with 500 fps by
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a
high-speed
digital
video-camera
(FACTCAM-512PCI, Photron). In this experiment, the
spectra of HeI, CrI, MnI, FeI, CrII and FeII are
observed. MnII spectrum was not able to be observed
because of undetectable wavelength due to UV rays.
The above wavelengths employed in this study are
given in Table 1 15, 16).


Fig. 2 Photographs of HeI spectrum in arc during
helium TIG welding of stainless steel

Fig. 1 Schematic drawing of spectroscopic analysis
system

Table 1Wavelengths of HeI, CrI, MnI, FeI, CrII and
FeII spectral lines




3. Observations at thermal plasma
Figures 2 to 5 show experimental results of
spectroscopic images of HeI, CrI, MnI and FeI spectra.
Intensity of HeI spectrum weakens with passing time.
Table 2 shows excitation energies of each spectrum 18)
and Figure 6 shows the dependence of normalized
radiant intensities on temperature 18, 19). Excitation
energy of HeI is the very highest in Table 2 and
temperature region for emission of HeI spectrum is
much higher than other spectra. Temperature of plasma
becomes lower due to effects of metal vapor which has
generally low excitation energies. Therefore, the
helium is not able to be excited, and the bright region
of HeI shrinks and then disappears at 19s after arc
ignition.

Fig. 3 Photographs of CrI spectrum in arc during
helium TIG welding of stainless steel
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Fig. 6 Dependence of normalized radiant intensities on
temperature for spectra of HeI, CrI, MnI and FeI

Table 2  Excitation energies of HeI, CrI, MnI and
FeI particles

Fig. 4 Photographs of MnI spectrum in arc during
helium TIG welding of stainless steel

Spectra of CrI, MnI and FeI do not exist in the
arc plasma in the same manner. Intensities of CrI and
MnI spectra are very strong in the arc column, but FeI
spectrum can be observed only close to the weld pool
surface. It is suggested that existential location of
metal vapor in the arc plasma depends on kinds of
metal elements. It is also expected that chromium and
manganese exist inside the arc plasma, but iron is
swept away toward the surroundings of the arc plasma.
4. Observations at electrodes
Figure 7 shows analytic results of elemental
mapping of the tungsten electrode by the FE-SEM
after the stationary TIG welding of stainless steel for
20s. A lot of chromium exists on the surface of
tungsten electrode at about 1.7 mm and over from the
tungsten electrode tip. Manganese and iron are not able
to be detected and it is negligible.

Fig. 5 Photographs of FeI spectrum in arc during
helium TIG welding of stainless steel
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On the other hand, smut on the stainless steel
after the stationary TIG welding is analyzed
quantitatively. Figure 9 shows results of quantitative
analysis of the smut by the EDAX (Energy Dispersive
Analysis of X-ray). The smut consists of a lot of
manganese and iron which are hardly detected on the
surface of tungsten electrode, and also consists of a
little of chromium.

Fig. 7 Results of elemental analysis of the tungsten
electrode after TIG welding of stainless steel for 20s

A two-color pyrometry with a high-speed digital
video-camera has been conducted to obtain the surface
temperature of tungsten electrode 20). Figure 8 shows
axial temperature distribution of tungsten electrode.
Boiling points of chromium, manganese and iron are
2933 K, 2305 K, and 3160 K, respectively 18). Surface
temperature of tungsten electrode is about 3500 K at
the tungsten electrode tip and is reduced by 3000 K at
1.7 mm from the tip as shown in Fig. 8. From a
comparison of the boiling point of chromium and the
result of Fig. 8, chromium exists where a surface
temperature of tungsten electrode is under the boiling
point. However, manganese can hardly exist because
of low boiling point. Although surface temperature of
tungsten electrode becomes lower than the boiling
point of iron (about 3200 K) at about 1.6 mm and over
from the tip, iron has not the same tendency with
chromium. From these results, it can be concluded that
there is few iron vapor inside the arc plasma.

Fig. 9 Result of quantitative analysis of smut by EDAX
after TIG welding of stainless steel for 20s

5. Discussion
In TIG arc, current density at the tungsten
cathode tip is much higher than on the base metal, and
then a strong plasma fluid flow from cathode to anode,
i.e., the cathode jet occurs 21). The most part of metal
vapor from the weld pool surface are swept away
towards surroundings of the arc plasma by the cathode
jet.
Calculation result of Ushio 22) show that arc
plasma has not only the cathode jet but also a
convective circulation flow. It is suggested that a part
of metal vapor can be carried on this circulation flow
towards tungsten electrode. And then, the metal vapor
can transport into the arc column, as shown in Fig. 10.
Diffusion of metal vapor in plasma is one of
driving forces to lead metal vapor into the arc plasma.
Diffusion of metal vapor in plasma 23) is given by the
following equation,
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where, n and U are respectively the number
density and mass density of gas, E is the electrical

Fig. 8
Axial temperature distribution of tungsten
electrode during TIG welding of stainless steel
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4

is the temperature, m A

and m B

are

Transactions of JWRI, Vol.41 (2012), No. 1

respectively the average mass of the heavy particle of
gas A and gas B,  x B is the sum of mole fractions
x

E

T

of all species of gas B, D AB , D AB and D AB are
respectively the combined diffusion coefficients for
ordinary, electrical field and thermal diffusion. The
first term shows ordinary diffusion by concentration
gradient, the second term shows diffusion by potential
gradient, and the third term shows diffusion by
temperature gradient. The diffusion by temperature
gradient is small and then negligible in low
temperature region like a weld pool surface 24).
Diffusion coefficient of metal element increases with
increase of concentration of metal element, and metal
vapor becomes easy to diffuse. Large amount of
manganese can evaporate because of its lower boiling
point. Therefore, diffusion by concentration gradient
has the most effect for manganese vapor in other metal
elements. Ionization energies of chromium, manganese
and iron are 6.77 eV, 7.43 eV, and 7.90 eV, respectively.
The ionization energy of chromium is about 0.7~1.1
eV smaller than other metal elements. In particularly
low temperature plasma which is close to the weld
pool surface, chromium would be preferentially
ionized in comparison with manganese and iron.
Therefore, it is considered that diffusion by potential
gradient has the most effect for chromium vapor.
In the TIG arc, there is not only the cathode jet
but also a convective circulation flow, as shown in Fig.
1022). This convective circulation flow is an upper
stream in comparison with the cathode jet on the weld
pool surface. The most parts of metal vapor produced
from the weld pool surface are swept away to
surroundings of the arc plasma by the cathode jet.
However, some parts of metal vapor are affected by a
driving force like the diffusion. If the driving force by
the diffusion is so large, some metal elements can get
across the cathode jet and can reach the circulation
flow which is situated on the upper stream of the
cathode jet, and then these metal elements are carried
on the circulation flow towards tungsten electrode. It is
thought that vapors of chromium and manganese can
mix in the arc plasma through the circulation flow due
to the diffusion on the weld pool surface. Dominant
driving forces of the diffusion are the concentration
gradient for manganese and the potential gradient for
chromium. However, iron vapor is not able to diffuse
into the circulation flow across the cathode jet and then
is swept away towards surroundings of the arc plasma
by the cathode jet, because iron vapor is low
concentration in arc plasma close to the weld pool
surface due to higher boiling point and also there are
hardly ions of iron in arc plasma close to the weld pool
surface due to higher ionization energy.

Fig. 10
TIG arc

Illustration of convective circulation flow in

6. Conclusions
The conclusions of this work are summarized as
follows.
(1) Intensity of HeI spectrum weakens with passing
time. It is because temperature of plasma becomes
lower due to metal vapor in the arc plasma.
(2) Large amount of manganese and chromium
vapor exist in the arc plasma. However, few amount of
iron vapor exist in the arc plasma.
(3) Chromium is easy to diffuse by potential
gradient due to its lower ionization energy and
chromium vapor from the weld pool surface mix in the
arc plasma through a convective circulation flow in the
arc.
(4) Large number of manganese can evaporate due
to its lower boiling point. Therefore, manganese is
easy to diffuse by concentration gradient and
manganese vapor from the weld pool surface can mix
in the arc plasma through a convective circulation flow
in the arc.
(5) Iron vapor from the weld pool surface is swept
away towards surroundings of the arc plasma by the
cathode jet, because driving force of iron to diffuse is
too weak to mix in the arc plasma due to its higher
boiling point and also higher ionization energy.
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