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for applications on 316L steel by tracking natural oxide parti-
cles. They have observed outwards and rotational flows with
the formation of vortexes with a mean fluid velocity between
50 and 100mm/s. In another study of Zhao et al. [12], inward
flows have been observed with a velocity around 300mm/s.
This flow is commonly attributed to a positive surface tension
gradient. With this kind of velocities, the Reynolds num-
ber was between 600 and 3000 and showed multiple cells.
Chiocca et al. [13] have observed on fused Cu30Ni fully pen-
etrated weld pool two vortexes on both sides of the pool and
on each side of the platewith the presence of a backward flow.
Using a PTV method, they could measure a frontward flow
coming from the solidification zone with a mean fluid veloc-
ity around 120mm/s. At this velocity, the Reynolds number
is around 2000 with their process parameters. These values
of Reynolds number mean that the turbulence can appear,
and it is known that it drastically modifies the heat transfer
[14]. X-ray transmission observations of internal flows are
also possible in welding in 2D [5, 15–17] or in 3D [18, 19].
This kind of measurement showed the importance of con-
vective flow for heat transport with high fluid flow velocities
in PKAW [19] and that it influenced strongly spatter and
other defect formation in laser welding [15, 18]. Although
it gives access to inaccessible details otherwise, these tech-
niques remain heavy compared to traditional camera surface
observations and are restricted to lab experiments.

One objective of this paper is to contribute to the under-
standing of physics inside theweld pool with devices that can
be embedded during the process. The originality comes from
the combination of a macroscopic measurement with a local
measurement. The global measurement uses edge detection
to determine the size and the shape of the weld pool, whereas
the local measurement uses particle tracking velocimetry to
estimate fluid velocity inside the liquid metal. Another origi-
nality comes from the particular setup used and from the fully
penetrated weld pool on 316L. These measurements can also
serve as a benchmark for simulations.

The first section of this study describes the material and
methods used to observe and measure the flow existing at the
weld pool surface. The second section presents qualitatively
and quantitatively the movements of the fluid. The third sec-
tion discusses the results and their influence on the physical
phenomenon.

2 Materials andmethods

2.1 Material

The chemical composition of the 316L stainless steel used
in this study is resumed in Table 1.

The values of the density ρ, superficial tension σ , and
viscosity μ used are listed in Table 2.

2.2 Experimental setup

A schematic diagram of the experiment is presented in Fig. 1.
The set-up consists of a TIG torch, a 1.5mm thick plate, and
two cameras which are fixed with respect to the torch.

A 2.4mm diameter tungsten electrode with 2% lan-
thanum, with a 30 degrees grinding angle, is positioned 3mm
away from the sample during welding and is kept fixed. A
28.6mm diameter nozzle releases pure argon at 15L/min to
shield the liquid metal on the arc side. The 316L stainless
steel plate is clamped on a guided motorized stand to pro-
duce a bead on plate with a fully penetrated weld pool. An
independent flow of argon fills a chamber underneath the
plate (shown in purple in Fig. 1) in order to purge oxygen
and protect the weld pool from oxidation.

The arc is initiated by lift-arc procedure at the beginning
of the experiment, and the table begins to move 0.4 s after arc
initiation. The plate travels a distance of 100mm. We chose
to perform three different experimental tests, with three dif-
ferent welding speeds ws of 2.3, 3.3, and 4.3 mm/s. The
welding current was kept at 80A. These conditions create a
fully penetrated weld pool. These three welding speeds are
chosen in order to modify only one process parameter and
to vary consequently the linear heat input. By changing the
welding speed, the weld pool is expected to have different
sizes and shapes. It is also expected that changing veloc-
ity will change the flow structure inside the weld pool. Arc
voltage and current are measured with an acquisition rate of
10kHz.

The energy delivered by the welding station is monitored
by measuring the electric current I thanks to a current sensor
and by measuring the arc voltageU between the ground and
the electrode holder. The average of these twomeasurements

Table 1 Chemical composition
(in percent) of 316L stainless
steel

Component C Cr Mn Mo Ni P S Si N Co

Ratio 0.016 16.765 1.383 2.044 10.070 0.031 0.001 0.389 0.041 0.187



















side. At the global scale of the weld pool, heat transfer from
the front to the rear of the weld pool helps to homogenize
temperature and contribute to the global shape of the weld
pool.

For twoof the studied configurations, theweld pool behav-
ior presents a global oscillatory regime of the liquid metal in
the front part of the molten zone, with movements show-
ing an altered feeding from one vortex to another. These
observations are done for the two biggest sizes of weld pool,
corresponding to highest linear energy,whereas for the small-
est weld pool, no oscillatory regime is observed but only an
asymmetry of the vortex position. The initiation of this oscil-
latory regime could come from a perturbation in the system
(in relation with heat transfer), leading to a first asymmetry
in the fluid flow and creating this instability. Once the oscil-
lation is initiated, one side of the weld pool is more heated
than the other due to the concentration of the flow in this
area. The Marangoni effect may then drive the fluid located
in the vortex zone to colder areas, namely the other side of
the weld pool, perpetuating the oscillation. The fact that no
oscillation is observed for ws = 4.3mm/s indicates that the
size of the weld pool seems to have a significant effect on the
instability initiation, probably by decreasing the influence of
theMarangoni effect compared to diffusive one when its size
is decreasing. These results demonstrate the appearance of an
instability whose controlling parameter is the welding speed.
There is a change from the presence of one vortex inside the
weld pool to an oscillatory behavior with an increasing fre-
quency. It could be imagined that if the linear heat input is
increased, the fluid flow velocity will continue to increase,
due to the increase of the weld pool length and to the peak
temperature on which Marangoni forces can act. This could
lead to the appearance of turbulence inside the weld pool, but
as outlined earlier, it will tend to homogenize the tempera-
ture.

5 Conclusion

Fluid flow during GTA welding has been investigated with
in-situ observations of fully penetrated weld pools. The
experimental setup allows the observation of both the upper
and the lower sides of the weld pool, and visible fluid flows
are described with particle tracking velocimetry. The influ-
ence of the increase of linear energy on the size of the weld
pool as well as the surface fluid velocities on the lower
side has been quantified, and the surface fluid flows have
been described. The obtained data can be used as benchmark
for numerical simulations. Fluid flow appears to be mainly
driven by the Marangoni force, in relation with energy input.
An oscillatory behavior was also observed, with vortexes
moving from one side to the other side of the weld pool. This
behavior is not observed for small weld pools but appears

for larger sizes. It could be assimilated to an instability, and
further investigations have to be done for a better understand-
ing of the initiation of such a behavior. The analysis that
combined measurement of the contour with local velocity
measurement demonstrated the importance of theMarangoni
effect in this configuration. The results show a correlation
between temperature distribution and fluid motion. Never-
theless, despite the high Peclet number, cautions should be
taken when discussing the coupling between thermal distri-
bution and fluid flow due to non-free flow conditions with
high heat input on the top side that partly drives the temper-
ature distribution.
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